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1. 
"The study of physiological or organismic variability is funda-
mental and essential to the science of human ecology." 
Sargent (1963:478) 
"Though physiology may indicate respiratory and circulatory limits 
to muscular effort, psychological and other factors beyond the ken of 
physiology set the razor's edge of defeat or victory and determine how 
closely an athlete approaches the absolute limits of performance." 
Bannister (1956:225) 
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HUMAN TOIERANCE TO PHYSICAL WORK by J. D. BROOKE - SUMMARY 
Homeostasis and disequilibrium characterised some o~ the responses 
of male racing cyclists working against a cycle ergometer load that 
increased continuously to exhaustion. Normal linear work states of 
adequate compensation and limited work states of disequilibrium were 
identified mathematically for the metabolic variables (HR, VE, 02F' 
VE02). Also associated were changes in the variables~describing the 
mental state (laboratory pain, threshold shift for awareness o~ sound 
and pressure at exhaustion, blood cH and extraversion). These latter 
were developed on the hypothesis o~ a biological filter for sensory 
impulses ~ihich was tentatively identified with the reticular activating 
system of the brain stem. The statistics for the rates of change of 
the metabolic variables in the two states and for their maximum values, 
and the measures of the mental state were both very predictive of the 
criterion o~ the maximum work ability. 
On this work criterion there was a multiple correlation of 0.89 
with the maximum oxygen fraction and the resistance to limitation of 
this fraction, and of 0.70 with the two measures of threshold shift. 
From the multiple interrelationships of the variables, efficient oxygen 
provision was the outstanding factor. Measures of the mental state 
and the metabolic condition interrelated on two factors that appeared 
to derive from the modification of afferent impulses by the central 
nervous system during disequilibrium. 
Four statements follow:-
1. With increasing demand, homeostasis and disequilibrium are 
ordered hierarchically over the physiological and mental 
functions. 
2. When a metabolic demand may be met by a number of functions 
the most efficient is utilised, that is, the one which requires 
the least energy for its own mechanics. 
3. The appearance of disequilibrium sets a finite limit to 
the satisfaction of a demand. 
4. Over the healthy human range o~ competence for exhausting 
physical work the predictive limiting factors may alter from 
thermal regulation in the poorer workers to the ability of the 
higher efficiency metabolic processes and eventually to that 
of the lower efficiency processes in the best workers. The 
filtering of impulses through the central nervous system is 
involved at all o~ these levels but the detail is not clear. 
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"'S;;;,EC:;.;T:;,::I;,:;O;;,;.N....;O;,;;;NE=.. - 'lEE INTRODUCTION 
The load of physical work demanded of human beings can be suoh 
that they become exhausted after ten to fifteen minutes of activity, 
if exhaustion is defined as the inability to oontinue to generate the 
power output that is required. The present dissertation stUdies 
ability for this type of work in male human beings who are trained 
athletio performers. It was expeoted that if the load of this work 
( was oontinuously increasing such people would show patterns of physio-
logical and mental responses that were oommon to the whole group of • 
subjects. An example of this type of response is the increase in 
heart-rate that all subjects normally show with inoreases in the physi-
oal work load at moderate intensities of effort. Such ohanges are 
oommon responses. However, on the work task to exhaustion some people 
were expected to show greater ability than others. It was felt that 
these different work abilities should be associated with different 
measurable responses to the work. Thus the dissertation oonsiders 
two basic questions. Firstly, what are some of the common reactions 
that enable all the performers in a population of this type to work 
for some time before becoming exhausted? Secondly, which reactions 
differentiate between the maximum work abilities of the performers? 
A number of statements about typical responses could be fo~ in 
earlier research. Reports of physioal work loads producing patterns 
of phySiological reactions that are general over groups of subjeots are 
legion. However. use of these reported responses to differentiate 
between the individual work abilities of the performers has not been 
very successful. Indeed. peSSimism exists. Taylor (1944) suggested 
that the only adequate prediction of, this work oapacity amongst the 
traditional measures of exeroise physiology is the aotual work done. 
1'3. 
Consolazio, Johnson & Pecora (1963) also questioned the feasibility 
~ 
of predicting the total work performance, stating: 
"In the fields of fitness and the evaluation of 
performance and stress, there are so many prescrip-
tions that one must ask, is it possible to measure 
fitness, performance and stress?" (p362), 
and Rogowsky (1967) was even more specific, writing: 
/ . 
"Cependant •••••• ces caracteristiques (VE, V02 
and re) objectives ne donnent aucun rense1gnement 
sur les dispositions ind1viduelles des sujet." (p6). 
-
Because of this lack of predictiveness it may be questioned whether 
the important variability in response has been described. 
Accordingly, within the field of human biology, this impass leads 
to the question, what is happening, phySiologically and mentally, 
whilst the task is being performed? When this has been determined 
the most appropriate measures can then be taken. It was clear that 
the responses to be studied needed to be delimited. As in most be-
haviour of the intact human, a massive complex of stimuli and responses 
are involved in activity of this type. The interactions between them 
are probably important but all could not be studied. Four groups of 
responses were chosen because of their apparent importance. Firstly, 
some of the ventilatory functions concerned with the intake of oxygen 
were selected, for adequate oxygen supply to the exercising muscle is 
essential in tasks of this duration. Directly related to this is the 
efficiency of the cardiac muscle to circulate the oxygenated blood. 
Thus the heart-rate was selected as a relevant measure. After the 
maximum uptake of oxygen has been reached, further external work at 
higher loads is achieved only with changes in the metabolism that result 
in alterations in the acid-base state of the blood. Because of this, 
14. 
the variation in the hydrogen ion concentration of the blood was 
assessed. This variable provided a bridge between the measures trad-
itionally called physiological or psychological, for pain or distress 
have often been associated with this change in blood IiI at the end of 
, 
severe exeroise. Much referenoe has been made to the significance of 
the central nervous system (eNS) at this time but very little objective 
evaluation of this significance has been attempted. Some of these CNS 
changes result in the fourth group of responses studied, those describ-
ing the mental awareness of the distress at exhaustion. 
In summary, the following groups of responses were observed as 
the subjects exercised:-
1. Ventilatory functions (expired air) 
2. Heart-rate 
3. Blood hydrogen ion concentration (cH = ~H+-1 after Green 1968) 
4. Mental attention to the painful sensations of . 
exhaustion. 
A mode 1 was proposed to describe how these responses are inter-
related. Due to the limited knowledge available it was advanced only 
tentatively and it was expected that a more precise proposal would be 
possible after making the relevant experiments. Before considering 
this first model it is helpful to know that the external physical work 
was always assessed as level of power output at constant rate by sub-
jects pedalling a cycle ergometer. The ergometer provided work that 
was continuously increasing in load (CIL) to exhaustion. 
It is clear that two conditions of the human being are involved in 
such work. In the earlier stages the increasing load is easily toler-
ated; all the functions observed appear to react within their normal 
ranges. As work increases further many of these functiOns approach 
the limits of their ranges of response. Continuing work results in 
IS. 
the subject perceiving painful stimuli which eventually he will no 
longer tolerate. These two states of work have been identified with 
the metabolic condition of the subject. For much of the performance 
the tolerance shown to the CIL activity characterises homeostasis. 
There is capacity in the physiological function to balance the demands 
of the external environment. This use of the term homeostasis is 
in accord with that of Cannon (1939), who describes it as follows: 
-
"The co-ordinated physiological processes which 
maintain most of the steady states in the organism 
are so complex, and so peculiar to living beings -
involving, as they may, the brain and nerves, the 
heart, lungs, kidneys and spleen, all working co-
operatively - that I have suggested a special desig-
nation for these states, homeostasis. The word 
does not imply something set and immobile, a stag-
nation. It means a condition - a condition which 
may vary, but which is relatively constant." (p24) 
In the present instance, with a fixed rate of working, each increase in 
the external power output is suggested to result in a complementary 
increase in the phy~iological response; the demands of the muscular 
load of the environment would be balanced by the responses of the 
organism. However, if such activity continues to increase in inten-
sity it is further proposed that the range within which adequate responses 
can be made to maintain homeostasis will be passed eventually; less 
than adequate response results in increasing disequilibrium between the 
increasing demand for work from the environment and the state of the 
organism. Finally, one may expect that this advancing imbalance of 
the metabolic condition involves consCiousness, a state o~_distress is 
perceived and the task is no longer tOlerated. In essence, the organ-
a. 
isation of the responses may be the balance achieved by physiological 
changes to maintain homeostasis. the metabolic disequilibrium of even-
tual inability to achieve this state and the CNS imbalance that results 
from some of the sensory impulses from the new metabolic conditions. 
Objective measurements were made in pilot studies to observe these 
states; the conclusions support the theoretical argument. At a 
series of loads to exhaustion in the CIL work task some of the selected 
responses were measured and curves were drawn to describe the relation-
ship of the level of physiological response to the level of external 
power output. After removing the initial anticipatory responses, the 
analyses of these curves revealed two statistically significant mathema-
tical functions. e For much of the range of power that was demanded, 
Normal Linear Work states of the physiological variables were character-
ised by unit increases in the external load producing unit increases in 
the responses of the variables. The best description of this relation-
ship was a linear regression line. However, for the later sections of 
these curves the fit of the regression line was significantly improved 
by the addition of a second order component. The existence of this 
additional variability identified a change in the condition of the meta-
bolism. In these later stages of performance the physiological func-
tions made less than unit responses to fUrther standard increases in 
the external load. This characterised the Limited Work States of these 
variables. 
This classification is the direct product of the statistical analy-
sis of the observations. It also closely replicates the theoretical 
argument, for the metabolic-conditions of the normal linear work an~ the 
limited work states are the specific biometric definitions that derive 
from the concepts of homeostasis and disequilibrium. Hemingway (1953) 
prepared the way for these definitions, describing when, due to the 
severity of the demands upon body mechanisms, equilibrium is not 
obtained or excessive exaggeration occurs in one or more of the para-
meters maintaining this balance, fatigue exists. Such demonstrable 
disequilibrium or exaggeration is referred to in the present study as 
a "limited work state" in order to be specific within the general use 
of the term 'fatigue t • This is necessary when the breadth of the 
/7. 
latter term, as defined by Sir Frederick Bartlett (1953), is realised: 
'~atigue is a term used to cover all those determin-
able changes in the expression of an activity which 
can be traced to the continuing exercise of that act-
ivity under its normal operational conditions, and 
which can be shown to lead, either immediately or 
after delay, to deterioration in the expression of 
that activity or, more simply, to results within the 
aotivity that are not wanted." (pl) 
However, as Browne (1953) stated: 
" ••••• it is a fiction that there is a simple 
entity called fatigue and that the search has only 
to be long enough to find a simple test for it. 
The human being has many functions and each one fits 
a different test." (p141) 
Accordingly, the fatigue function in the present study is relative to 
the defined work task and is called the "limited work state". 
In this state of increasing physiological limitation it has been 
suggested that certain stimuli produce nervous impulses that the brain 
interprets as distress or pain. The latter term unfortunately has 
quite diverse meanings, and to avoid confusion the particular unpleasant 
stimuli from the physiological limitation of exhausting work have been 
J 
termed 'nociceptive'. (This derives from the Latin 'nocere', to injure, 
-----------
IS. 
and 'capere', to receive). As described by Fulton (1955), Sherrington 
used the term 'nociceptive reaction' to describe the flexor reflex that 
is the result of a number of muscles of flexion acting together to with-
draw an :!njured part from the source of its damage. By extending this 
usage from muscle physiology to the activity of the whole human, a very 
useful term is derived. Nociceptive stimuli occur in states of dis-
equilibrium and suggest or result in the removal of the organism from 
an environmental source of potential or aotual tissue damage. The 
mental process of attention to these nociceptive stimuli was hypothesised 
I 
to be important at this$age of the activity, for eventually it resulted 
in the performance stopping. Some earlier research reports and pilot 
studies, for example Brooke (1965), although deficient through not 
be:!ng speoific to this problem or through inadequate sampling, yet gave 
some support to the assumptions that all the subjects in the present 
population would show some degree of tolerance for these stimuli and 
that there would be differences between subjects in the amount of atten-
tion such stimuli were given. 
Fig. I, plQ summarises the~ model that is proposed to describe how 
the responses are related to the activity. It is suggested that much 
of the performance may be accounted for by the responses of some of the 
physiologioal variables acting in their normal linear work states. 
Moving down the diagram, continued increases in external work are assooi-
ated with changes in the metabolic condition due to the increaSingly 
limited states of these physiological variables. At first the task is 
felt to be worth continuing despite the nociception; it is possible 
that initially there is little attention to these impulses from sites 
where disequilibrium is occurring. Eventually the nociceptive stimuli 
from the increasingly disturbed metabolic state command attention suf-
ficient to out-balance the worth of the task. The subject is exhausted 
and stops activity. 
I~ 
Fig. 1 
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10. 
The place of specific measures in this model will be considered 
later so that their relevance both to the earlier research that has 
been carried out and also to the present plan can be demonstrated. It 
is worth noting that the hypothesis of a model is not merely ornamenta-
tion. It accounts for the relevant research information. Such 
generality of application is essential if it is to lead to the forma-
tion of laws and it has the advantage of enabling most of the compon-
ents to be assessed. In addition, with information collected about a 
number of mechanisms both mental and physiological, most of which can 
be hypothesised to be functioning in concert as the work is performed, 
multivariate statistical analysis was necessary. However, a primary 
problem in such statistical analyses can be the interpretation of the 
results. One of the best ways of solving this difficulty is to have 
an effective model that directs the collection and analysis of the data 
and in the present study this has proved to be essential, the form of 
the statistical analyses deriving from the organisation proposed. 
With this proposal it should be possible to demonstrate the typical 
response patterns of the two states. It should also be possible to 
identify the measures that differentiate between the work abilities of 
the performers. The degree to Which this differentiation can be made 
will be an indication of the validity of the original model and from the 
results of such multivariate analyses it may be possible to discard super-
fluous variables that merely duplicate othercvariables or which show no 
relationship to the behaviour being studied. The accuracy of the model 
will then be increased. 
Much research literature is available that pertains to different 
parts of this proposal. There is very little factual statement about 
the interactions within it, even though the latter appear to be the 
valid replica of the living human. Because of this deficiency, in 
'. 
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most cases the relevant literature has been considered separately for 
each of the four groups of responses identified. Central to the core 
of the dissertation is the division of the total work performance into 
two parts and as the two-states were first defined for the cardiac 
reaction to exercise. the relevant literature will be considered first 
with reference to the exercising heart. This is followed by a review 
of the way in which other research and further pilot studies on the 
expired air. the blood hydrogen ion concentration. and the psycho-
physical measures of nociception and personality assessment relate to 
the proposed framework. 
CARDIAC RESPONSE TO EXERCISE Research on the intact active human 
has clarified the nature of some of the cardiac responses to work. 
Most basic of these is contained in the principle that the heart-rate 
is approximately a linear function of the work load. as illustrated in 
Fig. 2, p2'l.. Wahlund (1948) studied the response of subjects to a 
standardised work task on the cycle ergometer with the load increasing 
from 300 kgjnfmin every 6.5 mins until the work reached 1200 ~min. 
He conCluded that "the pulse rate is roughly a linear function of oxygen 
consumption and work load". The assumption of 'roughly' is presumably 
that any other function was error variability. The results of Robinson 
(1938) demonstratera similar function as do those of Bengtsson (1956). 
Wells. Balke & van Fossen (1957). studying heart-rate response.to tread-
mill running loads. concluded that "the physiological responses ••••••• 
indicate that there is a constant increase in physiologic demands as 
the work load increases" (p52) and Sjostrand (1960). Saltin (1964) and 
Rogowsky (1967) support the same principle. the former stating that 
-
"the pulse rate during work increases linearly with the magnitude of 
the work and the volume of oxygen taken up" (p203). 
In earlier studies Brooke (1968a). and Brooke. Hamley & Thomason 
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(1968a, b) this relationship of unit physiological response to unit 
work load has been observed in all subjects. However in only a small 
percentage has the relationship been maintained for high heart-rates at 
high work levels when both are accurately measured to preserve-sensi-
tivity. Up to the heart-rate range of 160-180 beats/min, after initial 
anticipatory responses have been removed, the relationship is sound. 
The slope of this linear regression line has been proposed by a 
number of researchers as a measure of the capacity for work or effici-
ency of the cardiovascular system. Rstrand (1960) noted that higher 
maximum oxygen uptakes occurred in subjects with higher maximum work 
levels and that this was associated with "a pronounced tendency to a 
low heart-rate" (p141). Harris (1958) states that "it has been known 
for many years that 'fit' subjects tend to have lower heart rates than 
unfit subjects at the same rate of work" and Maxfield (1964) with wo~en 
and Ekblom et al. (1968) with men, found in studies of training effects 
on cardiac response that as training advanced heart-rates per ~ork load 
became lower. Archer, Hamley &: Robson (1966) reported that poor cycle 
ergometer work capacities in racing cyclists were associated with 
steeper heart-rate to work curves, and Cureton (1966) in a survey of 
factor analyses of cardiovascular test variables, summarised this 
principle:-
'~oderate circulatory performing capacity tests 
indicate that there is a relative economy to the 
WC?rk in terms of lower relative pulse rates (and) 
lower blood pressure during work ••••• for the 
relatively fitter man. n (p317) 
Cardiac output is one of the important measures of the contribution 
of the heart to the metabolism during physical activity. Obviously the 
role of the stroke volume of the heart is involved as well as its rate 
of contraction. This role has been the subject of investigation. 
Wahlund (194S) proposed that in severe exercise "the factor responsible 
for limiting cardiac output is the time of diastole which at pulse rates 
above lSO may be too short for adequate filling of the heart". However 
his study did not investigate this phenomena. ~strand (1952) concluded 
from a measure of the oxygen transport per heart beat that, except for 
the youngest subjects (Which would be in the 4-S years of age range) 
"there are no findings indicating a decrease in stroke volume with 
increasing heart rate, not even at the highest rates" (p3S). The high-
est rates were ove~ 200 beats/min. Wang et al (1960) found little or 
no change in the stroke volume of dogs running on a treadmill at differ-
ent speeds. They concluded that "the increase in cardiac output in 
the untrained exercising dog is almost directly proportional to the 
increase in heart rate" (p563). Brouha &: Radford (1960) and Sjostrand 
(1960) supported the view that after a low level of exercise is past 
(Brouha and Radford suggest this is at about 1 l/min oxygen uptake) 
stroke volume in the human remains practically unchanged and increases 
in heart-rate depict the cardiac adjustments to increases in physical 
work load. Malhotra (1963) related energy expenditure from expired 
24. 
air oxygen values to heart-rate and had to construct two linear regres-
sion lines for each subject, pre and post heart-rates of 95 beats/min 
indicating a functional difference at this level of work. Williams et al 
(1962) studied the cardiac output of three subjects who carried out graded 
physical work. The researchers were only moderately satisfied with the 
technique of using the rebreathing of inert acetylene gas to measure the 
cardiac output. But within the limits of the technique they used and 
the small size of the sample, a useful statement was made about the 
comparative contribution of the stroke volume and heart-rate; "both 
heart rate and stroke volume contributed to increases in cardiac output 
25. 
up to 1.0 l/min oxygen uptake; above this heart rate was the sole 
faotor." (p625) o In 1964 Astrand, Cuddy, Sal tin &: Stenberg oonsolidated 
this growing weight of opinion. Twenty-two male and female physical 
education students under cardiac catheterization and exercise of approx-
imately 6 mins duration up to severe levels, showed heart-rates of more 
than 200 beats/min in some cases. Concurrently, expired air, blood 
gases, laotate and haemoglobin were measured. Three important conclu-
sions emerged: 
(a) At heart-rates of approximately 110 beats/min, 
or an oxygen uptake of approximately 40% of 
maximum, almost maximal stroke volumes were 
reached. The mean figure was 92% of maximum. 
(b) liNo tendency to a decrease in stroke volume was 
noticed when maximal work was pe;formed." 
Further, when subjects showing a slight reduc-
tion in stroke volume at maximal exercise were 
studied, this reduction was not significantly 
-. . 
correlated with high heart-rates or large heart 
volumes. 
(c) There was a high correlation between heart volume 
determined by roentgenograms, maximal stroke 
volume and cardiac output. 
Saltin (1964) reiterated that over a heart-rate of 120 beats/min 
stroke volume remains practically unchanged. In the same year Jones 
/ -
&: Foster (1964) demonstrated that over an exercise range sufficient to 
demand heart-rates up to 171 beats/min, there is a high correlation 
between heart-rate and duration of left ventricular ejection (r = 0.86) 
-
with only a minor increase in correlation with the addition of stroke 
volume to the heart-rate measure. Also in 1964, Tabakin et al. study-
.2( •. 
ing haemodynamic responses to treadmill running leading to a mean heart-
rate of 152 beats/min concluded that: 
"Increases in cardiac outpu~ over the range of 
exercise employed correlated well with indices of 
work load such as heart rate, oxygen utilization 
and minute volume of ventilation. There was no 
correlation of stroke volume with these indices. 
It is concluded from examination of individual 
stroke volume responses that a progressive in-
crease in stroke volume is not a necessary or 
constant phenomena in adapting to increasing 
load." (p457) 
It appears that the heart-rate may be used to describe the cardiac out-
put response to physical work when measures are taken after...the rate 
has passed l20"beats/min. It is worthy of note, however, that accurate 
measurement using cardiac cathetherization at severe work levels must 
be difficult and that further studies would be useful. 
The assumption of linearity of heart-rate response to work levels 
rising to maximal has not been extensively investigated. This is sur-
prising as the underlying presumption is thllt the capacity of the cardiac 
response of the healthy human is greater than the demands of the increas-
I 
ing work. Indeed, ~st;and (1952) has stated "The limiting factor may 
be found in the capacity of the vascular bed in the muscles. The cen-
tral circulation is fully sufficient, the peripheral one fails." (pllS) 
o 
This is qualified for the poorly trained subJects, for Astrand adds 
later: 
"On occasions where the physical condition is 
lowered (disease. untrained) or under unfavourable 
environmental conditions (e.g. heat - work) the 
17. 
heart can fail, especially in exercise Where 
large muscle groups are involved, and more or 
less irreparable damage can ensue an over-
strain." (P120-121) 
No clear evidence for this concept of damage or for heart failure was 
provided. Jokl (1946) by theorising that the human organism When 
overstressed in sports avoids death by rendering itself incapable of 
continued exertion, made implications about those organisms that delayed 
in rendering themselves incapable. Schrnid (1967) analysed the causes 
of death in 830, Czech sportsmen. Deaths from respiratory troubles and 
inf~ctions were significantly lower, and heart and circulatory causes 
of death Significantly higher than in the equivalent normal population. 
However, in a study of the Arna female divers of Japan, although their 
occupational work involved high physical effort, no record of increased 
deaths from heart disease could be found as reviewed by Horoshima (1965) 
and originally described by Teruaka (1932). Conversely, to further 
confuse, rats exercised daily with o~e hour's compulsory swimming for 
10 weeks, in a number of cases showed post-mortem myocardial lesions 
that appeared to have occurred in the exercise period and that were not 
apparent in rats either similarly exercised twice a week or not exercised 
at all. It may be felt, however, that compulsory swimming also consti-
tutes an anxiety situation. Anatomically the exercised rats showed 
superior haemodynamic potential for coronary blood flow, Leon (1968). 
- , 
'lhe affects of very high physical work load on the human heart are not 
clear. 
Coupled with athletes' reports of cardiac distress, such as those 
reported by Tollrnan (1966), the invulnerability of the cardiac response 
to maximal physical load thus appears worthy of study. Davies (1968) 
suggested that the analysis of data from untrained subjects exercising 
I 
+-
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to exhaustion provided evidence of cardiac limitations to the production 
of power. The published data in a few research studies points to a 
breakdown of the linear response of heart-rate to work level as the 
load becomes great. ShephQ.rd's diagram (1967). Fig. 3. p2Q. points 
to this. as does Sjostrand's (1960) and the data of Wells. Balke &: van 
Fossen (1957) reveals a quadratic form ~m.en plotted. Studying swimmers. 
Faulkner (1966) reported an experiment designed to measure their heart-
rate responses to 50 metre swims at 25. 50. 75 and 100% of their maxi-
mum possible speeds. For the 6 subjects performing crawl and breast-
stroke an approximately linear heart-rate/work level plot was obtained. 
For the 2 subjects perfonning the b1ttetfly stroke the relationship was 
curvilinear. Heath &: Oken (1960) studied the heart-rate'change of 
babies and of psychiatric patients ~en a stimulus was presented. and 
found a non-linear relationship. Both low initial heart-rates and 
high post stimulus heart-rates were associated with the greatest 
change. Mfiller (1965) appears to suggest that reduction in heart-rate 
under high phySical effort can occur. stating: 
"The higher capacity to deliver; oxygen per heart 
beat. be it by a greater beat volume or be it by 
unloading more of the blood's oxygen content in the 
periphery is not fully used because in both cases 
the pulse rate is lowered for the sake of the heart." 
In as much as is clear this would appear to be the suggestion of a 
limited work state. 
Three of the pilot stUdies for the present dissertation. Brooke. 
Hamley. Merrick &: Thomason (1969) and Brooke. Ham~ey &: 'lhomason (196Ba. c). 
clarify the question of the amount of heart-rate response at these high 
levels of work. In the first study (1968a) 11 subjects twice performed 
eIL work to exhaustion and at equally spaced work points over the acti-
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vity their heart-rates were measured. For each subject the mean heart-
rate over the two trials was taken for each work level. Curvllinearity 
occurred in 8 of the 11 curves of the heart-rates on the work levels. 
In these cases linear regression lines were calculated for the heart-
rate responses up to approximately 160-180 beats/min, and curves of the 
n function y - ax were calculated to fit the curves of the remaining res-
ponses to exhaustion. 
An improved statistical method was later used in the analysis of 
the heart-rate - CIL work curves so that the best function(s) could be 
identified to fit the curves at an acceptable level of statistical sig-
nificance. This method was reported in the second of these studies 
(1968c), the technique adapted from Fisher & Yates (1953) and Grant 
(1956), of orthogonal polynomial curve fitting with significance testing 
by the least residual sum of squares, being described in some detail in 
a later report (1969). For the plot of the total heart-rate response 
to CIL work, curves with equations up to the fourth significant power 
resulted. An illustration of these curves is shown in Fig. 4, p'3\ • 
By removing the initial anticipatory responses at the beginning of work 
they were reduced to linear and quadratic components in almost all cases. 
The size of the quadratic component constituted the amount of curvature 
and is shown in Table 1,~.The curve fitting technique is described in 
more detail in the Method Section. As it was known that the heart-rate 
should be linearly related to the load of external work at the lower 
levels of effort, the quadratic function was gradually reduced by indi-
vidually removing the heart-rate responses at each work level starting 
from the final response at exhaustion and working back through the range 
of work. Each time a response was removed the quadratic function was 
tested for significance. Eventually it became non-significant. This 
test was made at the two probability levels of .05 and .10 to avoid 
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I 
20 work 
po i nts 
l,) 
-
31 32 33 34 35 
36 37 
38 39 310 
311 
Curvature -0.22 -0.05 -0.06 -0.12 0.00 -0.15 -0.12 0.00 -0.12 -0.17 -0.14 
Percentage of • 
Work Range 70-100 95-100 80-100 75-100 -- 75-100 90-100 -- 85-100 60-100 70-100 
Involved 
mean' of the quadratic coefficient scores a -0.10 
standard deviationc of the quadratic coefficient scores - 0.08 
mean of the work range involved - 16.67% (I"J 83%-100%) 
standard deviation of the work range scores - 10% 
Table 1 Curvature coefficients of heart-rate responses in limited work states (from a slide presented at 
the Physiological 30ciety meeting at Leicester, 1968, by Brooke et al) 
J. Physio1., 201: 33-34p 
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increasing the possibility of Type II error due to the reducing degrees 
of freedom as the work levels were removed. For the remaining work 
responses the linear regression line was calculated and the range of 
this line noted (i.e. from the end of the anticipatory response to the 
start of the quadratic curvature). 
The condition when the heart-rate makes unit response to unit increases 
in the work was defined as the Normal Linear Work State of the heart. A 
linear regression is the best fit for such data. The eIL work measure 
(x), expressed in minutes, was a non-random variable and a regression of 
the 'first kind' was appropriate as described in Diem (Ed.) (1962:173). 
When the equation y = a + bx was calculated a measure of the rate of 
change of the heart-rate (y) against the standard rate of change of the 
work load (x) was provided by the slope of the line, 'b'. As the load 
continued to increase, the heart-rate response to increases in the work 
was less than unity and the condition was defined as the Limited Work 
State of the heart. Statistically, the regression of higher order 
---
components than the first power (linear) was required to account for 
all the significant variance in the relationship of the heart-rate vari-
able to the external work load. The linear form of y = bx becomes modi-
fied; so that relationships of the type y = bx + cx2 ••••• nxn are re-
qui red for satisfactory description. With a second power function of 
this type, the coefficient 'c' is due to the degree of curvilinearity in 
the data on the physiological function. 
In the second heart-rate study (1968c) the same subjects were tested 
on two further trials, with the external work load increasing in steps 
(SIL) in the Scandinavian manner, as described by Borg (1962). Start-
ing at 100 watts, the load was increased by 50 watts every 6 minutes and 
the heart-rate was measured in the fifth minute of each step. Normal 
linear work and limited work states could still be observed as shown in 
Fig •. 5, p36". However, the vectors obtained could not be treated 
statistically, for the low degrees of freedom resulting from the fact 
that most subjects performed at only 5 work levels, obviated against 
this. Further, the limited work condition was less easily observed. 
This will be quite obvious when it is noted that, as exhaustion approached, 
the 6 minute time intervals were comparatively very large and, in the 
I CIL work, modifications to the changes in response of~e heart-rate were 
shown to occur mainly in the final stages of work. CIL work demonstrated 
the curvilinearity phenomena better than SIL work. 
These stUdies illustrate the inability of the heart-rate to continue 
to respond to heavy environmental work loads. They may demonstrate 
cardiac incapacity. The method of statistical analysis Used allows 
qualitative differentiation of the nature of the physiological response 
to load demands and quantitative assessment of the amount of change of 
that response with changing load. This technique has been found to be 
applicable to other functions discussed later. 
The heart-rate can be affected by the emotional state of the subject, 
causing deviations from the expected response. Bowen.(1903) noted that 
a rapid quickening or anticipatory response of the heart-rate occurs at 
the onset of exercise. In the analysis of curves in our studies (op. 
cit.) this phenomena was noted and removed before testing for the remain-
ing quadratic functions. Barger (1956) reported that the changes in 
the cardiac output of dogs at 'rest' stood on a treadmill awaiting exer-
cise, were often as large as those required for moderate levels of exer-
cise. It was found that a preliminary bout of mild exercise, with a 
short pause, followed by the full work test, resulted in lower and more 
uniform results. This procedure is applied in the present experimental 
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Fig. 5 Strain in the curve of heart-rate responses to step increases in 
work (from a slide presented at the Physiological Society meeting 
at Leicester 1968 by Brooke et al) 
J. Physiol., 201: 33-34p 
work with humans. Heath's study (op.cl.t~ demonstrated the effects of 
attention to stimuli in increasing heart-rate response in babies and 
psychiatric patients. Hickman, Cargill & Golden (1948) reported that 
induced anxiety increased the cardiac output, heart-rate and systemic 
blood pressure in most subjects and unpublished results from an experi-
ment in our laboratories show a heart-rate of 180 beats/min in a girl 
rock climber performing little physical work but selecting a possible 
route over a difficult overhan$. Hickman et al noted, however that: 
''When persons with the (anxiety) reaction under-
take muscular exercise, the normal relation between 
cardiac output and the rate of oxygen consumption is 
re-established." (p297) 
This would indicate the benefits of the procedure outlined by Barger 
and adopted in the experimental work. 
In well-trained subjects with adequate controls there is a high 
stability of response as reported by Brooke, Hamley & Thomason (1969a). 
OVer all subjects, 95% confidence intervals for retesting of heart-rate 
responses over two incapacitating performances four days apart are less 
+ than - 10 beats and in one trial at close to the same work level less 
+ than - 3 beats. For well-trained sUbJects this is improved upon and 
Fig. 6, p37 illustrates data from two trials on one of the subjects. 
Rstrand,~I"et al (1960) have reported the consistency of one subject 
in physiological response to work load. With constant load at a given 
time after the start of work the subject reached almost identidal values 
for heart-rate, oxygen uptake and volume of expired air, regardless of 
the projected time to work. The latter varied from 0.5 mins to 9 mins. 
From their data the trial by trial 95% confidence interval for heart-
+ + rate 'error' variability would be from - 9.9 to - 4.7 beats. Rowell, 
Taylor & Wang (1964) confirm this high degree of reproducibUity. As 
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the psychic influences on heart-rate disappear when work is well under 
way, unless there is very abnormal stimulation, the measurement of heart-
rate on the cycle ergometer test does not appear to be highly dependent 
on the emotional state and is highly reproducible. 
There are other sources of variability in heart-rate. Christensen 
(1953) reported increases in heart-rate, out of proportion to oxygen 
uptake changes, when heat stress occurred in an 1D.dustrial task. Falls & 
Weibers (1965) demonstrated a drop in exercise heart-rate levels when 
work was preceded by cold shower immersion. Adkins (1964) showed sig-
nificant differences in the resting pulse rate due to diurnal rhythm, 
taking measures on 150 female college students at 04.00 hrs, 10.00 hrs, 
16.00 hrs and 22.00 hrs in the 24 hr day. The largest mean difference, 
one of 64 to 74 beats/min, occurred between the first two testing points. 
For the rest of the day the range of mean difference was 4 beats. 
Phillips (1967) reported that the resting heart-rate of females was 
significantly higher in the flow than in the resting phase of the men-
strual rhythm. Fortunately, apart from severe thermal changes, these 
differences lie within the error estimates already reported and, like 
the higher resting heart-rate reported for cigarette smokers by Chevalier 
et al (1963), disappear when exercise starts. 
The relationship of heart-rate to work done and to other accompany-
ing physiological responses is critical to the prognosis of total work 
capability from the physiological changes. The correlation between 
heart-rate and oxygen uptake, the oxygen pulse of Dawson (1935), is, in 
" 
the opinion of many researchers including Rstrand, P. O. et al (1954), 
Wells et al (1957), Rstrand, I. et al (1960), Rowell et al (1964), 
~ 
Rstrand, P. O. et al (1964), Tabakin et al (1964) and c~telli et al 
(1967), a comparatively high one. Thus Rstrand" (1964) states a high 
correlation between heart-rate and oxygen uptake, although in 1952 op. 
I-r-
cit. he felt that "the heart-rate gives only a rough conception of the 
individual aerobic capacity." (p141) Bergren and Christensen (1950) 
felt that the degree of independence of oxygen uptake from heart-rate 
was too great to forecast one from the other, and Sharkey (1966) found 
that the Rstrand nomogram overpredicted energy costs estimated by pulse 
rate. However, Rowell et al, op. cit. felt that this nomogram was 
reasonably accurate with endurance athletes. It appears that, in per-
formers trained to the task and with adequate experimental controls, 
changes in heart-rate are linearly related to the changes in oxygen up-
take until the maximum oxygen uptake level is reached. 
In a preceding section, the correlation between increase in heart-
rate and increase in work level was adequately demonstrated and delimited. 
The significance of maximum heart-rate values obtained at high work 
levels also needs to be considered. Shepherd (1966) proposed that: 
"The best Simple index of 'fitness' is provided 
by the pulse rate at the immediate end of exercise. 
Other pulse measurements are also superior to the 
ventilatory measurement." (p148) 
However, there were limitations to that study. The work level of 140 
Watts for 15 mins was submaximal for young men, 17% of Whom were still 
riding bicycles daily. Also the exercise oxygen consumption was only 
measured in the last minute of work. It appears possible that Shepherd 
was measuring the unit heart-rate response to unit work at submaximal 
levels. Taylor (1944) after an analYSis of heart, lung and blood pH 
measures at maximal and submaximal values, conCluded that "the only 
defensible a priori criterion of the fitness of a man for heavy physical 
exercise is the amount of such work the man can do." (p202) Whereas 
at submaximal levels the unit of physiological response per unit of work 
correlated with an external criterion of fitness capacity, 
"in contrast to submaximal the responses to maximal 
exercise tend to be insignificantly correlated with 
I 
l' 
time run. The evidence is that each subject ran 
to his individually peculiar maximum value, which 
has little relation to fitness. 'ilie length of 
time he was able to run is the essential variable." 
(p206) 
The highest correlation with time run was oxygen uptake, r = 0.39, which 
when correlated by 'partialling out' body weight, rose to 0.46. Taylor 
concluded that "one must look to the responses during exercise, particu-
larly to the later phases of adaptation, for critical measures of fitness 
for hard work, not to the resting or recovery states." (p210) This 
study would appear'to suggest that the maximum levels of physiological 
response are only very limited predictors of exhausting physical perfor-
rnance. 
However, Fletcher (1960) studied the effects of training and con-
cluded that "as train1nS advanced such high heart-rates (> 200) became 
rare." Slonin et al (1957) found that in healthy young men exercising 
on a treadmill there was no correlation between maximum oxygen uptake 
and maximum heart-rate, the coefficient being -0.02. For oxygen uptake 
per kilogram body weight this correlation rose to +0.27. An analysis 
of the relevant correlations in the data collected for some recent 
studies was reported by Brooke, Hamley &: Thomason (1969b) and is shown 
in Table 2,rlt-l.lt.can be seen that the correlation between maximum heart-
rate at exhaustion and maximum power output is extremely low and non-
significant. Wilmore (1968) found a similar effect in motivating sub-
jects to perform beyond a first attempt at maximum work. The control 
and experimental, i.e. motivated,work performances were significantly 
different but no accompanying significant differences existed for maxi-
mum values for heart-rate, ventilatory volume and oxygen uptake. The 
conclusions~e very pertinent to the present discussion: 
Table 2 Intercorrelation of maximal physiological and work responses 
attained in performances to exhaustion by racing cyclists 
(from Brooke et al, submitted to Int. J. Sports Medicine, 1969) 
. . 
VE V02 °2F HR Work 
(n = 11) 
• 
+0.591+ + -0.054 VE -0.177 -0.522 
• 
+0.60G- + +0.591T v02 -0.469 
iI-
°2F -0.182 +0.726 
HR ) -0.068 
Work 
+ p <.10 
* p <::. .05 
It '2.. 
"The maximal values of these physiological vari-
ables are essentially fixed or absolute for anyone 
individual or any particular exercise apparatus •••• 
these supermaximal performances •••• result from an 
increased anaerobic rather than aerobic capacity, 
which is possibly due to reduced psychological 
inhibitions and concomitant tolerance to increased 
levels of anaerobic metabolites." (p459) 
. -
Morehouse et al (1967) speculate that "it may be possible that 
measures of endurance are quite largely measures of the compulsive drives 
that motivate a person." (p235) If this is so and the discussion by 
Wilmore is valid, it may be expected that at the extreme levels of per-
formance by highly efficient subjects the linear relationship of the 
heart-rate to work will taper off, perhaps even to an asymptote. This 
has been demonstrated by Brooke, Hamley & Thomason op. cit. as illustra-
ted in Fig. 4, p31 • 'lhe final heart-rate with such subjects can be 
expected to be an ineffective indicator of total work ability as shown 
in Table 2,rltl. If Wilmore's proposal is valid it should not be expected 
that the quadratic component of the heart-rate response will relate 
highly to the total work done. It may be expected that this quadratic 
component will be associated with the period of work done during increas-
ing physiological disequilibrium. 
It remains to consider the heart-rate recovery curve after exhaust-
ing exercise. Knehr, Dill & Neufeld (1942) could not differentiate 
between the recovery curve responses of comparatively fit subjects before 
and after hard middle distance training over. 6 mOnths. With reference 
to the figure showing the curves they remark, "Obviously, the curves 
under the stated conditions are virtually unaffected by training." (p153) 
While their figures which show the improvement in work with training 
+ 
suggest that the training was hard, there may be room for research into 
the effects of modern training methods upon changes in heart-rate 
recovery curves. This has not been considered in the present work. 
Realising the limitations of many of the conventional heart-rate 
parameters it is not surprising that Harris (1958) and others have con-
cluded that no valid cardiac tests of work capacity are available. 
However, when the performance being assessed does not involve the limited 
work condition of the heart-rate, the concept of heart-rate cost or unit 
heart-rate response per unit increase of work load, appears to have 
validity. As early as 1930 Dill, Talbott & Edwards (1930) specifically 
noted that in a standard run on the treadmill the final heart-rates of 
10 male subjects spread over a range of 145-176 beats/min and that there 
was a proportional range in oxygen uptake and ventilatory volume. 
Mllller (1950) proposed a statistic, the 'Leistungspulsindex', to measure 
work capacity. This consisted of the rise in heart-rate per minute for 
every litre of oxygen uptake rise per minute. Rstrand et al (1954) 
used a similar concept to predict maximum oxygen uptake from heart-rate 
responses to less than maximal work. A similar approach based on a 
heart-rate ceiling of 170 beats/min was developed byWahlund in 1948 and, 
plt-'t 
as can be seen frbm Table 3,jTaYlor (1955), Slonin (1957) and Borg (1962), 
. . . 
also applied this procedure. Borg gave a validity correlation between 
PWC 170 (work level at pulse rate 170 beats/min) and a criterion of 
skiing performance of +0.46 to +0.54. The reliability coefficient of 
the criterion was approximately 0.90. Harris et al (1958) proposed a 
'pulse deficit' measure, the degree to which the pulse count for the 
first 5 minutes of standard work load performance fell short of the pulse 
count for the second 5 minutes. In a later report by Harris & Davies 
(1964), the time intervals were reduced to 4 minutes and a pulse deficit 
index, "the lowest V02 (STPD corrected to a body weight of 65 kg) at 
4-1,. . 
Table 3 Some physiological parameters used to assess the physical work 
capacity of healthy humans 
Tread- B. Sub Ex Post Ex Author Date 
mill Ergometer Step Up Max HR HR V02 Beats Min. 
Dill -~ -1 1930 
./ 145- ./ 
176 
Johnson 1942 
./ ./ 1,2,4 
Johnson 1942 (Harvard) 
./ 1,2,4 
1 1942 
(Pack ) 
Johnson 
./ Max 
Brouha 1 1943 (Harvard) .; 1,2,4 
(Step ) 
Wah1und 1948 ./ .; 170 .; 
" Muller 1951 j or ./ j ./ .; 
Rstrand 11954 .; or ./ or ./ ./ Max 
Taylor 11955 .; j Max 
Slonin 1957 ./ .; Max 
Le Blanc 1957 .; ./ 15 secs 
Harris ,1958 .; ./ 
I 
I 
1960 .; 
./ 180 Balke 
, 
Fletcher " 1960 Max 15 secs 
Borg 
\ 
1962 
./ 170 Max 
Note: Many modifications of the above tests exist 
Lac-
tate 
Max 
,/ 
.; 
-------------------------------------------
45· 
which PD showed a decided upward swing" was also proposed. The pulse 
deficit measure and the work capacity of Wahlund op. cit. were found to 
be correlated. Where Wahlund and Borg used maximum heart-rates of . 
170 beats/min at which to measure work done, Balke (1960) measured time 
run on a standard treadmill task until a heart-rate of 180 beats/min was 
reached. A similar correlation with an external fitness criteria may 
be expected. 
The low correlations between present cardio-vascular tests and 
physical ability to work to maximum must be accounted for by the complex-
ities of the heart-rate response to increasing work load. Fig. 7, p 
illustrates the typical statistically significant curvature that charac-
terises the heart-rate to work plot reported in our studies, e.g. Brooke, 
Hamley &: Thomason (1968c). It can be seen that, after the anticipatory 
response described by Bowen has been removed, normal linear work done, 
~ - J~ is a function of the starting level of heart-rate 'a', the slope 
of the line fbI, and the onset of limited work 'g', that is, 
o - j J ( b , g - a ) 
Similarly in the limited work state, the work done 'J - kt, is related 
to the degree of curvature 'c', and the range of the curve 'i - g', that 
is, 
J - k J ( c , i - g ) 
Thus the total work response '0 - kt, against which the simple statistics 
from present tests are being validated is actually associated with a 
quite complex function, i.e., 
o-k J ( b , g - a , c , i - g ) 
The problems in obtaining and interpreting the exercise heart-rate 
have been avoided in the tests used by Johnson (1942, 1944), Brouha f1943) 
and Fletcher (1960) and partially by Le Blanc (1957), by using statistics 
from the heart-rate recovery curve after exercise. A review by 
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Chrastek & Staly (1965) reported no significant differences between the 
results of a selection of post-exercise tests, suggesting that they are 
probing the same attribute. However, the work of Knehr, Dill & Neufeld 
reviewed above, would appear to cast doubts on the validity of this 
approach. Where gross changes or differences in work capacity occur, 
lp. 
it appears possible to differentiate levels of ability by the use of 
heart-rate recovery curves, for greater competence that reduces the stan-
,dard task to submaximal, by the linear state principle should result in 
a lower final heart-rate and subsequent recovery values. In a recent 
study of a sample showing such a wide range of ability, Brooke, Dugrnore, 
Humphreys & King (1969) found a significant correlaticn of +0.82 between 
heart recovery rates from the Harvard Step Test (1943) and total short-
term work capacity cn the Monark. bicycle ergometer. It should be 
noted that in these recovery tests there is the assumption that the level 
of the asymptote to which the exponential plot moves is common to all 
the subjects. With the limited amount of research available about the 
recovery curve it is also possible that meaningful factors nay have been 
overlooked. For instance from recent stUdies it is clear that gross 
abnormalities of the ecg in recovery occur in the hearts of subjects 
that have passed through severely limited work states. 
In conclusion of the review of relevant literature about the exercis-
ing human heart, the comments of Wasserman, van Kessel & Burton (1967) 
may be noted: 
"The interdependence of work, heart-rate and venti-
lation suggests that control mechanisms during exer-
cise are closely related to cellular metabolism and 
to changes in the internal chemical environment." (p84) 
It is on this interdependence and on the characteristics of the cellular 
metabolism that an understanding of exhausting physical work capacity 
needs to be based. Accordingly, the significance of lung ventilation 
in exercise has next been considered. 
The Am ElCPIRED BY 1RE HlliAN LUNG in response to physical work load 
has been studied over a number of years. 
Since Benedict and Cathcart's work (1913) there has been interest 
in the uptake of oxygen (V02) by the hum~ during physical work. In 
physical exercise of low or moderate intensity the oxygen demands of the 
working muscle are met by oxygen that has diffused across the alveoli/ 
pulmonary capillary barrier and has been transported to the active 
muscle site. This uptake of oxygen at the lung is the product of the 
percentage of oxygen removed from the inspired air and the volume of the 
inspired air. The 'true' oxygen uptake is achieved by subtracting the 
, corrected' O2 partial pressure of the ecpired air from that of the in-
spired air and converting the expired air volumes to inspired air volumes 
at standard temperature and pressure dry (STPD). 
true Vo2 - true 0-;1% VI; (STPD) 
These corrections to inspired values are necessary whenever the 
respiratory qUotient is less 'than one. Knowledge of c: ;-. ~-, the carbon 
-,' ,is required to make such corrections. When this information 
is not available it is normal to express expired air oxygen consumption 
- ) 
a;fter Ful ton, (1955: lp42), as 
VEO~ a (O~I - 02~) VE' (STPD) - . (STPD) 
If VO - V: 0 , the RQ is 1 and only carbohydrate is being 
2 (STPD) E 2(STPD) 
metabolised: 
For energy expenditure and respiratory quotient studies the true 
oxygen uptake value is necessary. In such respiratory calorimetry it 
is logical to combine the ventilatory volume with the percentage of oxygen 
extracted, for the expression being studied is 
11' 
oxygen consumption f- (energy expenditure )' 
However, in_stud~ng the physiological limitations to maximum human wor~k~_~~ 
,j =--~,", ~~ . ..:. --: ,;--::-~~-:'" -.- , :-~- .- -~i,> " .. Y if", :t..1;V,,:' : 1(."_:: " --:'--. - , 1\ 
• ~ .... , ,. ~ ~ .: .. ,\< • J ~'>'''' ..,,\"". '-. • t"-.~ • .''')'' ~ 
capa;itYi ;the' ve'n.tii~t9ri~vO'lUnit; ~X1ge~: ti.e:~t1;n -and oxy~~~ co~~Ptlo~ ~:, " 
. ' .. '.'.' ...... ,..~~ ...... ,' •• !.:). ," ~,I;,"'~' -::"'- ':!," -' ...... ,~ , ... " 
need to b~,::~U,q~E\d;:~epat~:t!llY;.;;'< !1t.~S ,pol%slble'that intlie- normal pro-
... '.''''~ "; .. ,,. ...... A.,~ ,...~~.(,_,.f.', ,-,~{ • ~ "" \ ';':~~~?" ~£:: o~~~~~' ,yof{,?im~ ~~~t,:~~~~~~h~i '~J~S" ~~£:fusi~~,:" Pa!'-" tr<;~ ,a 
:; :~o~, vo,lum!,!, might be compensated for b'!{ increases in- 'the ventilatory 
, .... , ,," u ..... ~,~,"~' ',>'-':' • "_ ,,,...' ~ .. 
, volume,vi.:' However, 'it,should also'bE!'noted'tnat, by the Fick'princiPle 
, of ~E ~ V02/FI 02 - FE02' ~~~es 'Of v;'alteri~,:l.nd~pe~e~t;; ';,f a"constant ~~~:n ProViS!~~ ~uto~~;~;allY<lea~~t6:prbPortfb~~:'~~~S of 02F: . Su~h.~ 
changes would not necessarily be due to'metabo11c:itmitatibns in the latter. 
, ,.. '" ~',' '.to 1" ~ ~ ~. 
• - -! ~. ""-
--The research literature was first reviewed to see whether the model 
proposed to describe the heart-rate responses was also appropriate for 
expired air analysis. Margaria (1933) first reported a phase at the 
beginning of work when the lung oxygen uptake is less than the muscular 
energy expenditure and termed this an 'alactic' phase. In the present 
proposals it has been interpreted as an initial response and measures 
have been taken after this period of work has passed. The increase of 
oxygen uptake with increasing physical work was described by Hill, Long & 
Lupton (1923) and this range of response, where the uptake of oxygen 
balances the work demands on the muscle, can extend to values in excess 
• 
of twenty times the resting level. Using a very hard treadmill task 
and short term (5 sec) expired air collection with two subjects, 
Christensen (1960) obtained mean values for maximum VE, of 151.2 
, (BTPS) 
l/min and maximum Vo2 of 5.31 l/min. The highest values obtained (STPD) 
are clearly those reported,by Saltin & Rstrand (1967), who tested 95 
athletes of the Swedish National Team and, for the best 15 subjects, 
reported a mean V02 - 5.75 l/min with the best value being max(STPD) -
7J.7 l/min and a mean V:E,' - 158.7 l/min, best value 203.3 l/min. max(BTPS) 
These figures are far beyond any, found in my limited experience of taking 
this type of measure. The normal linear condition described above is 
amply recorded, as reported by Astrand (1952), Sjostrand (1960), 
Nairmark et al (1964), Goldman (1965) and Simonson (1965). 
Eventually the load of phY~ical work can be so heavy that no further 
increases in oxygen uptake occur, as described by Furusawa, Hill, Long 
, 
&: Lupton (1924); the responses reach a plateau at the maximum oxygen 
uptake for that particular task. Work still continues for some time 
for most athletic performers. At this time the oxygen uptake response 
is in a limited work state. There is limited or no further response to 
the increasing work load. The oxygen fraction absorbed can also be des-
cribed in this way. There is initially a linear phase of increasing 
response. A plateau at the maximum oxygen fraction is reached at a 
point earlier in the work than the point of first attaining maximum oxy-
gen uptake. . In the later stages of work the oxygen fracticn removed 
from the expired air falls. The limited work phase ranges from the end 
of the linear phase to the end of activity. The investigation of this 
lLmited state by Brooke &: Thomason (1968), Brooke, Hamley &: Thomason 
(1968b) and Brooke, Dugmore, Humphreys &: King (1969) confinned that the 
-
02F - work plot is very curvilinear. The ventilatory volume at first 
shows only small increases in response to the linearly increasing work 
, 
load. As the maximum response of the oxygen fraction is reached the 
slope of the ventilatory volume line increases according to Wasserman 
et al (1967). From this point up to the cessation of work this variable 
shows a linear work state of response. A very few subjects show a 
limited work phase at the end of work. At this time for these subjects 
curvature can be seen in the line of the ventilatory VOlume response to 
the increasing work. The types of changes in these ventilatory res-
ponses to work are shown in Fig. 27, p /4 6 • 
If the changes that have been identified can be reliably and sensi-
tively measured they can be quantified using the curve fitting procedure 
50. 
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described earlier. Guildford (1959) reports some very low reliability 
coefficients for these variables used in a psychology study. Respiration 
period had a day/day reliability coefficient of 0.22 and month/month one 
of 0.11. For oxygen consumption the equivalent figures were 0.57 and 
0.10. The very low reliability coefficients obtained in Taylor's study 
(1944) of exercise tolerance are shown in Table 4, pS2. The point is 
rightly made that this unreliability 
"serves only to detract from the differentiating 
effectiveness of the test. •••• It is clear that in 
the search for measures of fitness as much attention 
must be given to reliability of measures as to intrin-
sic validity." (p20) 
This is a fundamental statement. For instance, the reliability coeffici-
ent for ventilatory volume of 0.53 shown in Table 4. p5"l. means that 
only approximately 28% of the variance was common between two attempts 
to measure the same physical entity. The correlation of such a measure 
with a measure of similar quantity on another physical entity can be 
expected to be very low. Fortunately, later exercise physiology studies 
report better replicability. Taylor, Buskirk & Henschel (1955) care-
fully controlled the measurement of oxygen uptake, including a one hour 
preparatory work performance, and obtained a trial by trial reliability 
coefficient of 0.95. De Vries & Klofs (1965) obtained a test-retest 
coefficient for Vo2 for the mean value ~om 16 subjects, of 0.995. The 
data of Rstrand, I. et al (1969) for many trials on one subject. reveal 
approximate 95% confidence intervals:lbr YE of -: 0.2 1/min and tor Y02 
of -: 0.14 1/min. Saltin's data (1964) suggests an average 95% confidence 
• + 1/ interval for V02 of - 0.2 min. It is obvious that with care these 
measures can be reliably taken. They can be affected by a number of 
environmental factors, including heat, Christens en (1953), cold, Falls 
+ 
Table 4 Replicability of the ventilatory measures, Reported by 
Taylor, 1944 
• Measures Correlations 
Submaximal Exercise 
Time-run (minutes) 0.95 
Heart rate (beats/min.) 0.78 
Blood lactate (mg %) . 0.77 
Resp. rate (resp/min:) 0.62 
Ventilation (11 tre Imin.) 0.1i9 
Per cent oxygen . 0.56 
Per cent carbon dioxide 0.42 
Oxygen consum. (li tr e/min.) 0.59 
Body weight (kilo9ra.I"s) . 
Maximal Exercise 
Heart rate 0.81 
Blood lactate 0.71 
Resp. rate 0.89 
Ventilation 0.53 
Per cent oxygen 0.81 
Per cent carbon dioxide 0.70 
Oxygen consumption 0.70 
, 
et al (1965). anxiety. Hickam et al (1948). diurnal rhythm, Adkins (1964) 
. . 
and the posture and type of work task, Rstrand et al (1961) and Rogowsky 
(1968) • To obtain sensitivity it is necessary to control these factors 
during the work task but it does appear that the ventilatory measurescan 
be adequately replicated. 
Theoretically, oxygen uptake ability is associated with work capacity, 
for in a task like the present one. most of the muscle metabolism is 
aerobic. This hypothesis has been put to a number of empirical tests. 
Dill et al (1930) noted individual differences in Vo2 for a standard task. 
Hansson (1965) found that high occupational work output in lumber-jacks 
correlated with large maximum oxygen uptakes. Archer, Hamley & Robson 
(1965) also used level of VE02m~ to differentiate powerful from less 
powerful cyclists. Ekblom & Rstrand (1968) demonstrated that hard train-
ing for young male humans increases the level of V02mruK• The percentage 
of the maximum oxygen uptake that is required to sustain a daily occupa-
tional task over several hours has been studied. Christensen (1953), 
Rstrand, p. O. (1960), Rstrand, I. (1967) and M~ller (1961) all concluded 
that for this type of performance values of more than 50% were associated 
with accumulating fatigue. Both Harris (1958) and Rstrand (1956) felt 
that the maximum oxygen uptake should be a good index of maximum physical 
power performance as it is held to be representative of the capacity of 
the energy deUver;t1'lg processes. Rstrand (1964) stated, "A high oxygen 
transport capacity also implies that a given energy output can be accom-
pUshed with relatively less physiological strain." (p23) However, 
Wyndham, Cooke, Munro & Moritz (1964) found no such relationship between 
the maximum oxygen uptake and the heavy physical task performance of 
native labourers in the South African gold mines. The non-significant 
correlation was 0.027. Taylor (1944) found a correlation of 0.59 be-
tween time run on a submaximal treadmill task and level of oxygen uptake. 
This correlation fell to 0.39 when the task performance and Vo2 were 
maximal. In the latter task maximum ventilatory volume (VEl) was in-
significantly correlated with the time run. This appears to indicate 
a higher correlation between oxygen fraction and work performance but 
on this no information was reported. Wilmore (1968) in the study of 
highly motivated and normal 'maximum' work performances. reported in the 
literature on cardiac responses, found that significant increases in work 
due to strong motivation were not associated with significant differences 
'in Vo2max or tE'max. Wahlund (1948) used respiratory r~te as a measure 
of work capacity. But Mathews (1954) was unable to obtain from the re-
-
spiratory rate an index of exercise ability in patients with mitral 
stenosis. Dickinson (1929). Schneider (1931). Christensen (1937) and 
- -
Taylor (1941) all associated efficiency in work output with the slope 
• • 
of the VE,!V02 line. A shallow slope was indicative of greater effici-
ency. The difficulty in using this regression is that it is a two func-
tion plot. The change in the regres~ion line occurs at the point where 
the peak 02F value is reached. As the two baSic physiological para-
meters are 0,;r and VE". more direct assessment of any predicti veness 
should be obtained by keeping them separate. Some confusion is apparent. 
It is surprising that in attempts to predict maximum work capacity 
more emphasis has not been given to the oxygen fraction. The research 
literature contains sufficient indications of its probable correlation 
with work. The oxygen fraction is the average percentage' of oxygen dif-
fusing out of an aliquot of air from at least one normal breath. In 
lung ventilation this will constitute a mixing and subsequent sampling 
of air with oxygen partial pressures ranging from atmospheric values at 
the mouth to the lowest values at the alveoli. Increases in the oxygen 
fraction extracted as exercise advances may be due to increased lung 
ventilation leading to better distribution of air in the lungs, greater 
ss. 
diffusion from increased pulmonary blood flow and increaseddesaturation 
of venous blood returned from active muscle. Similarly, differences 
between subjects in the fraction of oxygen extracted may be associated 
with these differences in distribution, circulation and diffusion, accord-
ing to Ri1ey & Cournand (1951). As exercise becomes heavier the 02F 
reaches a peak and with continued increases in work load reduces consider-
ably. The latter is a result of "complex physical and physiochemioal 
processes" according to Gordon (1960:485). The base with whioh part 
of the oxygen would have been associated in the blood is utilized to 
buffer the increased carbonic acid from increased CO2 diffusion into the 
blood at the active muscle site. The temperature of the blood increases. 
These changes in the blood lead to a shift in the oxyhaemoglobin dissoci-
ation curve. It can be expected that de saturation of oxygen in arterial 
blood will take place in athletes taking part in strenuous exeroise. 
Rowell, Tay1or, Wang & Car1son (1964) have found this in 40 athletes 
exercising to the maximal oxygen uptake. The percent saturation of the 
arterial blood changed from a resting 97.1% to 85.2%. The resting level 
was higher and the final value at Vo2 lower than in either a group of max 
40 sedentary workers or a group of sedentary workers physically trained 
for 3 months. The Vo2rnax of the athletes was also significantly higher 
than that of the sedentary workers. 
If the vE-lv02 efficiency line concept is tenable it may be expected 
that the rate of change of 0-;1 and the peak value of the exercise 0-;1 
will relate to the normal linear work capacity. Activity in the limited 
work state may relate to a fall in 02F if the latter is an indication of 
changes starting to occur in the blood acid-base state. Mitche11, 
Sproude & Chapman (1958), Margaria et al (1965) and Asmussen (1965) all 
see a limiting factor in the oxygen carrying capacity of the arterial 
blood. By indicating the oxygen diffusing out of a sample of inspired 
air, the oxygen fraction related to this. With the intention of 
predicting work capacity, it is also noteworthy that the diffusing 
capacity of the lung is estimated by Richards (1965) to reduce by 50% 
on average over the age span 20-70 years. This presumably associates 
with the reports of Robinson (1938) and Rstrand (1952), that V02max 
declines with age. 
There is evidence to suggest that all three measures may predict 
I ' 
work ability, although controversy exists. That there is argument about 
the validity of the maximum oxygen uptake to predict maximum work capacity 
is not surprising. Vo2maX is made up of two Physiologic~l responses 
that are qualitatively different and which reach peak values in exercise 
at two widely spaced times. Also the way in which the work is performed 
will alter the maximum oxygen uptake. But further, the relevance of the 
laboratory work task to the task used to develop the oxygen uptake will 
seriously affect the relationship between the expired air statistics 
and work criterion. The expired air values developed by swimmers 
through swimming training may be shown during a cycle ergometer task, 
but after the work of Henry (1960) on the- spec1ficity of motor performance, 
it would be unwise to relate the muscular work output on the cycle ergo-
meter to the expired air measures. If there is predictive power in 
these measures, it is expected to be higher, in this example, for the 
particular swimming power production for this is the skill that has been 
practised. Further, when Vo2 reaches maximum, activity c~ntinues with 
a limited work state, and additional performance beyond the previous 
maximum, as demonstrated in Wilmore's study, will considerably reduce 
the predictive power of the unchanged Vo2 measure. This may be avoided 
by calculating the quadratic coefficients of the limited work condition. 
The rational procedure was to measure the separate statistics of 
~ 0-:1' VE and VE02 at the same time in the task as the heart-rates were 
/ 
51. 
measured. The resulting curves could then be analysed as before to 
obtain coefficients to describe the rate of change with increasing work 
load in the linear work phase of each variable, the rate of reduction 
in the rate of change in the lim1ted work phase, and the largest response 
value, denoting the outer limit of the response range. 
Tb this matrix of measures of some of the heart and lung actions 
during exercise it was hypothesised earlier that measures of the mental 
states of subjects during disequilibrium will be related. In particu-
lar, reference was made to the amount that the performer attends to the 
distress of exhaustion. 
MENTAL ATmNTION TO PHYSIOLOOICAL LIMITATION Exhausting exercise 
is said to hurt. This may be tested personally by experiment and 
introspection, has been experienced by the author and is frequently re-
ferred to in accounts of endurance activity. Dyson (1954) states in 
I , 
this context, "a certain callousness towards fatigue must be developed 
•••• to feel tired is not to be tired". The comments of Bannister (1956) 
are noted on the frontispiece of this dissertation and Morehouse et al 
(1963) support these comments stating, "possibly the most important fac-
tor in endurance is the willingness to endure the discomfort that accom-
, 
panies the onset of fatigue." (p235) As part of a coaching scheme 
Tollman (1968) questioned swimmers about this discomfort and concluded, 
"The relationship of pain to (swimming) time appears to be closer than 
I would have guessed •••• The relationship of pain to pulse is not as 
close but is definitely correlated" (p4), and Davies (1968) noted that 
it is not normal for humans in our present society to run to exhaustion 
and that "some may actually fear the pain which accompanies physiologi-
cal stress." (p700) Accordingly, pain has been advanced as a limiting 
factor in exhausting physical work. Simonson (1965) strongly emphasises 
the perceptions of the Central Nervous System (CNS) as limiting factors; 
"i t is the tolerance to physiochemical changes in heavy work which can 
be affected by the eNS." (p4l2) ~strand (1952) after considerable 
~ 
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study of the physiological effects of exercise. also notes that "the feel-
ing of discomfort and fatigue in muscular exercise is very differently 
tolerated by different individuals" (p120) and Whiting (1964) reviewing 
personality and performance. proposed that limitations on the production 
of power may be found in ·pain tolerance and induced fear." (p34) How-
ever. little factual information has been produced to test these hypothe-
ses. The above accounts rest on subjective reports and introspection. 
The degree of limitation in cardiac and ventilatory responses indi-
cates the loads on the subject's physiological mechanisms. It may be 
suggested that these measures describe how much distress is perceived. 
However. these different physiological states can occur at different 
stages in the work with different subjects. Different subjects show 
differing intensities of limitation. Also it is not clear to what 
degree afferent neural signals from these states are received in the 
CNS and interpreted as distress or pain. In the study of human toler-
ance to physical work the next logical step is to measure this pain 
parameter. which has been defined earlier as nociception. Having 
measured the parameter the relationship between it. the measures of the 
limited work states of the physiological measures and maximum external 
work ability will become clear. 
Unfortunately. valid and reliable measurement of this variable is 
most difficult as will later be realised. Eventually. the nature of 
the nociceptive response was probed by tests based on the neurophysiolo-
gical theory of attention. Following a review of this theory. refer-
ence has been made to some of the relevant studies that used the experi-
mental techniques finally adopted. which have been concerned with. 
(i) mental attention and tolerance to nociception 
r 
( 
(ii) blood acid base changes in exercise, and 
(iii) personality and attention to nociception. 
As a result of many neurophysiological experiments Hernandez-Peon 
(1966) stated that "Attention involves the selective passage of relevant 
sensory information to consciousness with simultaneous exclusion of insig-
nificant signals." (p122) This simple statement might have been made at 
the turn of the century by one of the introspective psychologists, but for 
the technical use of the word 'selective' as applied in radio circuitryllh 
mean "able in a specified or implied degree to respond to a desired fre-
quency and not to others" (Chambers, 1955:574). The ability of the CNS 
to inhibit and facilitate sensory input has been specified; no longer is 
I 
it merely conjecture. Moruzzi & Magoun (1949) advanced upon the studies 
of Bremer (1935) and Oerebtzoff (1949) to demonstrate that collaterals from 
the main sensory pathways carry sensory information to the brain stem reti-
cular formation, as illustrated in Fig. 8, p 60 . The level of activity 
of the latter is extremely important in determining the degree of arousal of 
the organism, that is its position on·~the continuum of consciousness running 
from sleep through wakefulness and alertness to excessive generalised acti-
vity. By stimulating the reticular formation in the brain stem Moruzzi & 
Magoun elicited electroencephalographic (eeg·.) responses that are typical of 
this generalised arousal reaction. Particular sensory impulses to this 
activating system (RAS) via the sensory collaterals result in the arousal. 
Demonstrating this function from a different viewpoint, Lindsley, Schreiner, 
Knowles & Magoun (1950) showed that electrolytic lesions of the mid-brain 
reticular substance produced a stage of coma even though the main sensory 
pathways to the central cortex were still intact. However, it is not 
merely the generalised arousal that has been reported. As early as 
1948 Sprogue et al (1948) reported that electrical stimulation of parts of 
the brain stem reticular formation modifies the stretch reflex and both 
Hess (1949) and Gastaut et al (1952) described localised orientation 
Fig. 8 Diagram of the ascending reticular activating system 
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reactions due to the stimulation of the thalamic reticular nuclei. 
These localised orientation reactions were observed many years ago by 
Pavlov, as Lynn (1966) reports. To. Pavlov visiting students to see 
dogs trained to perform task> it quite frequently happened that the 
dogs would not demonstrate their proficiency but would instead show 
great interest in the new arrival to the experimental scene. The 
direct response to specific abnormal stimuli constitutes localised 
arousal and it was this response that Hess obtained by stimulation of 
the thalamic projections of the reticular formation. This body of 
early results very much altered the traditional view of the transmission 
of sensory impulses which Adrian (1947) summarised; "fue messages which 
reach the cerebral cortex have been handed on by several relays of nerve 
cells since their origin in the sense organs of the skin. fuey are 
not much altered however," (p60) By 1954 this opinion had become modi-
fied, for he wrote, "the signals from the sense organs must be treated 
dUferently,when we attend to them and when we do not •••• " (p238) The 
results of investigations based on Moruzzi & Magoun's experiment form 
one of the present-day foundations for the neurophysiological basis of 
conscious behaviour. It is fitting that their pioneer work should 
; be antiCipated by another great contributor to these foundations, for 
Sherrington (1947) wrote, 
"the usual thing in nature is not for one exciting 
stimulus to begin immediately after another ceases, 
but for an array of environmental agents acting con-
currently on the animal at anyone moment to exhibit 
correlative change in regard to it, so that one or 
other group of them becomes - generally by increase 
in intensity - temporarily prepotent." (p120) 
Since the late 1940's, much research has been done to demonstrate 
61. 
sOme of the mechanisms involved in mental attention. Three important 
statements result:-
(a) sensory impulses via collaterals to the brain stem 
reticular formation are associated with the general-
ised arousal of the organism, i.e. the position on 
the sleep - awake - active - hyperactive continuum,. 
according to Moruzzi & Magoun (1949), Lindsley (1957,), 
, , 
Fuster (1958), Anokhin (1961), Narikashvili (1963) and 
Wllson (1967). This ascending activating system has 
afferent and efferent connections with the cerebral 
cortex, the main sensory routes and the emotional 
centres of the brain. There occurs diffusion of the 
activating impulses over most of the sensory cortical 
areas. 
(b) impulses through collaterals to the diffusely projecting 
thalamic reticular nuclei are more related to specific 
shifts in the comparative dominance of perception of 
the sensory modes. Anokhin (1947) Observed a narrow-
, 
ing of the range of sensory stimuli that activate the 
cerebral cortex, with selection of certain types, of 
stimuli to the exclusion of others. The identification 
of this selecting ability with the thalamic projections 
of the reticular activating system has also been made 
by Rothballer (1955), Sharpless & Jaspe~ (1956), 
Lindsley (1957), Sokolov (1960), Anokhin (1961) and 
Jasper (1963). Sokolov (1960) proposed a model which 
is partially incorporated in the one that is discussed 
below and illustrated in Fig. 9, p 6f, but in describing 
it he also described a measurement technique for assess-
62. 
.( 
ing the attention commanding capacity of an array of 
sensory stimuli; 
"The next problem is the exploration of 
the function of this neuronal model, which 
is to filter the signals in the nervous 
system. This means that a selective pre-
vention of transmission of impulses from 
certain kinds of stimulation must take place. 
We can measure the property of this biologi-
cal filter by changing stimuli and by measur-
ing reactions." (p208) 
Modification of this technique has potential in the 
study of attention to nooiception, as will be discussed 
later. 
(c) As distal from the cortex as the first sensory synapse, 
modification of the reception and transmission of sensory 
input occurs. It is quite clear that selection is not 
made solely when sensory impulses reach the CNS but that 
there are centrifugal effects on peripheral mechanisms. 
Granit & Kaada (1953) and H~barth (1960) have demonstra-
ted these biological loop systems, whereby the CNS con-
trols its own input. For instance, it occurs in muscle 
spindle where an alteration can be obtained in the rate 
by 
of dischargielectrically stimulating different parts 
of the ret1cular activating system. 
Much of the research on this aspect of attention has been done by the 
late Hernandez-Peon and his co-workers, as reported in (1956) and 
(1961a, b) and reviewed in (1966). Inhibition of the afferent trans-
6.3. 
mission from peripheral sensory receptors has been observed when record-
ings are made in the path of the second sensory neurone. In cats, 
electrodes were placed in the optic tract, i.e. proximal to the first 
synapse at the ganglion cells, or in the antero-1atera1 column of the 
spinal cord, this being proximal to the synapse at the dorsal horn, or 
in the dorsal cochlear nucleus soihat the neural discharge associated 
with an adequate external stimulus could be recorded. When a similar 
stimulus from a different sensory modality was added to the animal's 
environment the nervous activity in response to the first stimulus was 
significantly reduced, even as dista11y as the second nelirone. When 
stimuli that had particular meaning were presented, a similar increase 
in discharge was observed. Also, with simultaneous recording in several 
sensory pathways and the manipulation of the external stimuli, an 
oscillation of attention was demonstrated in the oscillation of the levels 
of the potentia1s in the specific afferent paths. By using both deep 
planted electrodes during surgery and also by recording from scalp 
electrodes, these effects were also demonstrated in the human. This 
alteration in the levels of peripheral sensory responses to standard 
physical stimulation of a particular mode, due to alternating stimulation 
of other sensory modes complements the changes in the affects of sensory 
potentia1s at the cortical level When the reticu1ar activAting system 
is stimulated as described by Anokhin (1961) and discussed above. In-
ductively, both point to the concept of a biological filtering system 
where the focus of the central control mechanism is directed to particu-
lar physical events in the environment of the organism and stimuli from 
other physical sources evoke little or no response. This selection can 
occur at a number of levels in the neural system. Fig. 9, p,ji shows 
the simple model Hernandez-Peon used to summariee the neurophysiological 
basis for this phenomenon of selective mental attention. It should be 
noted that the Simplification leaves out the differentiation between brain 
stem and thalamic fUnction and also the involvement of other parts of 
Fig. 9 
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the brain, i.e. there is no neural loop to memory stores or emotional 
centres. 
An important reservation exists. In the description of the neuro-
physiological basis for mental attention in the human, all is not clear 
yet. "The more that is known of the physiologic functions of the brain 
stem reticular formation, the more one appreciates its utter complexity", 
according to Domino (1957:296). This is still the case. While admin-
istering drugs that demonstrate adrenergic regions in the reticular for-
mation, Anokhin (1961) also noted that moving the micro-electrode only 
5~uncovered other cells that were not sensitive to the depressants 
and which were spontaneously discharging quite normally. This proposal , 
that there is specificity for Chemical sensitivity in the HAS, suggests 
additional complexities that may considerably alter our present concepts 
of its function. Kadjaya & Narikashvili (1966) described a topographi-
cal distribution of responses of the brain stem reticular formation to 
specific sensory stimuli. The maps were drawn in terms of relative res-
ponse amplitUdes recorded by inserted micro-electrodes. The modalities 
of sight, sound and cutaneous electrical stimulation each had particular 
high amplitude centres in the brain stem with reducing fields around them. 
In yet another example of the factors involved, Dell (1964) reported the 
homeostatic sensitivity of the activating systems to changes in PC02 and 
P02, both through the reflexogenic impulses from carotid chemoreceptors, 
reviewed by Heymam& Neil (1958), and by direct action on reticular cells 
producing cortical arousal. Speculation on eXisting information from 
neurophysiology may be useful as a guide to behavioural experimentation 
but the present limited state of knowledge should be borne in mind. 
It is clear that sensory impulses are differentially modified during 
their course to the central cerebral processing. It is important 
67. 
to know which stimuli are attended to and Which inhibited. The fact 
that novel stimuli produce a localised orie~ response has already 
been described above. Abnormal stimuli. of Which novel stimuli are a 
sub-class. produce this attention. as do those stimuli having great 
meaning due to past experience. Adrian (1947). Bernhaut (1953). 
Lashley (1954) and Samuels (1959) have described attention-commanding 
stimuli in these classes. With most humans that have been studied. pain 
stimuli qualify under either concept. They command attention. 
Traditionally. specific sensory receptors. Free Endings. as described 
by von Frey (1894). were held to transmit pain potentials. The work of 
Wedell & Sinclair (1952. 1955. 1961. 1962) seriously questions this type 
of anatomical specificity. All four traditional sensory modalities of 
touch. pain. warmth and cold appear to be present in both the encapsu-
lated nerve endings of glabrous skin and the free nerve endings of hairy 
skin. The above workers have suggested the possibility of a neural 
pattern specificity as the means of identification. Melzack & Wall 
(1962) agreed. and also considered the possibility of pharmacological 
specificity for particular receptors • These authors' later development 
• 
of the neural pattern theory is considered below. The resolving of 
the anatomical difficulties is not crucial to the present dissertation. 
Pain can be elicited from all sense end organs if the level of stimula-
tion is sufficiently high. 
The neural discharge from pain receptors is transmitted by dorsal 
horn cells and the lateral spino-thalamic tract to the ventral nucleus 
of the thalamus according to Bowsher (1957). Melzack (1958). Mountcastle 
(1961). Weddell (1962) and Cambell (1965). This pathway has many ana-
tomical projections to the reticular nuclei according to Bishop (1962). 
which suggests the physiological involvement of this activating system. 
Melzack. Stotler & Livingston (1958) demonstrated such function during 
the response of the cat to nociceptive stimulation. Impulses from the 
peripheral site of stimulation travelled over multiple pathways to the 
brain stem reticular formation as well as to the cerebral cortex. 
Hagbarth (1963) similarly associated cerebral reaction to nociception 
with reticular activation. Anokhin (1964) showed that this activation 
can be localised to the response to nociception and that it does not 
solely rely upon the same reticular nuclei that control the general 
arousal continuum or the localised orientation reaction to novel stimuli. 
Using urethane to suppress the reticular activity determining the latter 
two types of responses, potentials from nociception sites still acti-
vated particular neurones in the reticular formation and lead to cortical 
arousal. Attention to nociception appears to involve direct pathways 
to a cerebral cortex that is activated or inhibited from the reticular 
formation as a result of impulses through collaterals from these direct 
pathways. In this case the degree of attention will be dependent upon 
the capacity of the stimuli from the nociceptive sites to activate the 
reticular formation. Melzack & Wall (1968) proposed that there is con-
-
trol of this painful sensory input at the first sensory synapse in the 
dorsal horn part of the substantia gelatinosa of the spinal cord. They 
hypothesise that a 'gate control system' operates upon the afferent 
sensory impulses at this point and that this affects the rate of dis-
charge of the central transmission cells in the dorsal horn. Upon this 
gate a central control trigger is suggested to act, so that the passage 
of stimuli identified as important may be facilitated and that of unim-
portant stimuli inhibited. The proposed model is defined in greater 
detail than that given above, but the most important point to be taken 
is that again the brain is credited with the modification of its own 
input at a number of levels. From Hernandez-Peon's model of the selec-
tive attention process, Fig. 9, p 65", this capacity will be relative to 
6'1. 
the significance of other sensory input and to the direct mental 
activation. 
It can be expected that between the external physical stimulus 
and its perception lies the modification. Barber (1959) supported 
this and delimited the range of this attention to nociception: 
"Apparently discomfort and suffering follow noci-
ceptive stimulation when S 'attends to' and 'reacts 
to' the stimulus. Minimize this readiness to res-
pond and the 'sensation of pain' is no longer pain-
ful; it can become an isolated 'sensation' unaccom-
panted by discomfort." (p455) 
Weddell (1962) went even further, stating "indeed, if the 'mind' is 
completely absorbed by almost anything, 'pain' can be virtually ignored." 
(p174) This hypothesis is an important one in the study of physical 
work performance to exhaustion, for on,the one hand it derives from a 
body of neurophysiological facts and on the other is predictive of be-
haviour in the normally functioning human. 
In fact perception of nociception has been shown to differ between 
subjects, and to be modified by the test conditions. In demonstrating 
this variability it is now clear that there is a wider spread of toler-
ance (ceiling) levels than there is of initial threshold (RL) values. 
This can be clearly seen in the results of Schneider &: Baker (1958), 
shown in Fig. 10, p 70. At low levels of electric shock there was very 
little differentiation between the group of subjects in the degree of 
unpleasantness they felt. At more intense shock levels the distribution 
about the group means was much greater. This should facilitate correla-
tion with another variable. It was the initial threshold that was at 
first studied, i.e. Hardy (1956) and Beecher (1959), but Beecher (1966) 
-
pointed out that this inattention to the tolerance point may have been 
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the cause of the lack of correlation between laboratory pain and clinical 
pain. Hardy (1956) had already reported that there was no significant 
correlation between initial threshold and 'endurance' for pain. 
Beecher (1966) proposed qualitative differences between the two measures, 
for tolerance levels respond reliably to narcotic analgesia whereas 
threshold level responses can not be so dependably predicted. Poser 
(196}) and wolff (1964) reported that instruction and suggestions (that 
might be interpreted as changes in attention) modi~ pain tolerance but 
not pain threshold. For the study of the distress of physical exhaus-
tion, tolerance levels for nociception appear1to be more valid than 
threshold levels. 
It should be noted that some studies may be invalid because of 
experimental instructions asking the subjects to race the pain levels 
over a scale. Such a procedure focusses the subject's attention~ 
the pain. If high capacity to focus attention away from pain is an 
ability of the subject who tolerates high levels of pain, serious inter-
action will result from such instructions. 
Great ingenuity has been shown in inventing methods of inflicting 
measurable pain in the laboratory. A number are listed in Table 5, 
p 72. Some have been shown to be related. Ryan (1966) reported a 
correlation of +0.82 between pressure and ischaemic work tolerance. 
Harrison (194,) reported similar analgesicceffects on low levels of 
iSChaemic and heat pain, as did Gaensler (1951) for threshold deep vis-
ceral pain and superficial thermal threshold pain. Attempts have been 
made by Benjamin (1956) and Beecher (1959) to study pain perception 
through changes in the electroencephalogram but the potentials obtained 
were too diffuse for use. When the various methods are considered for 
the study of individual differences between subjects working to distress-
ful physical exhaustion, many are inadequate. Experimental control is 
72. 
Table 5 Some methods used to measure pain 
Electric Shock Wolff 1965 
Heat Hardy 1957 
Ischaemia Lewis 1931 
Pressure-Bone Hollander 1938 
Auditory Francis 1966 
Hydrostatic 
Distension of Gaens1er 1951 
Bile Duct 
Cold Kanfer 1966 
Deep Muscle Injection Wolff 1961&: 1965 
of Hypertonic Saline 
I 
I 
~ 
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essential; yet studies often do not report replicability. Social 
acceptability and practicability are necessary; in Wolff's study (1965) 
32 hypodermic needles into the gluteuB medius was excessive. If the 
method appears to be logically valid, this is a sound point from Which 
to start experimenting. Further, where effectiveness of the measure 
When it is obtained can not be guaranteed, practical economic restric-
tions may lead one to prefer certain methods of testing. Applying 
these criteria, the tests of ischaemic nociceptive work tolerance and 
cf"tolerance for mechanical pressure on a bony protuberance have been 
developed by the author. At the time that this development was taking 
place, RYan & Kovack (1966) reported that these two measures differenti-
ated between contact sports performers, non-contact athletes and non-
athletes. This increased the expectancy that the two tests might be 
valid and reliable. Their previous use in research is discussed below. 
MacWilliam et al (1923) noted that pain quickly develops When 
muscles are worked in an ischaemic state. Ischaemic nociceptive work 
tolerance was measured by Lewis & Pickering (1931) and related to the 
pain of cardiac infarction by Lewis (1932). BaSically, a pressure cuff 
, through 
is used to occlude the circulatory system that passes/the musculature 
of a limb. The muscles are then exercised in a standard manner to 
exhaustion. The work soon becomes extremely painful. Harrison (1943). 
Harpuder (1943), Dorpat & Holmes (1955). Park (1962), Start (1964), 
Ryan & Kovack (1966) and Caldwell (1966) used variations on the basic 
method. Park attempted to relate the nociception to the work load, 
number of contractions and duration of contraction. Unfortunately, no 
statement of replicability was given beyond the raw data. Calculation 
of a reliability coefficient from this data gave a figure for test-retest 
of 0.52. This was too low to be able to accept the conclusions based on 
such fine discriminations. Start (1964) found the results from athletes 
7t,.. 
atypical from the normal group. He felt the reason for this was 
obscure. However, as described above, the resulis of Ryan &: Kovack 
(1966) also demonstrated this. But as Barcroft (1939) and (1966) has 
reported, the normal unoccluded muscle contracting at a fifth to a 
third of maximum strength is almost or quite ischaemic during contrac-
tion. Fast repetitions of high load contractions produce severe or 
intolerable pain. Thus there is considerable over-lapping between the 
ischaemic nociceptive work tolerance and the athletes' limited muscu-
lar work at exhaustion. Ability in one may be expected to relate to 
ability in the other. 
Libman (1934) and Hollander (1938) used mechanical pressure as a 
clinical tool to measure threshold pain and the latter used the 
'technique' of inflating afPhygmomanometer cuff against a food grater 
placed on the limb. Deveau, Waud &: Gawdrey (1953) assessed initial 
mechanical pressure threshold merely by compressing the calf muscle in 
a pressure cuff and Foulkes &: Daniel (1957) compared both of the methods 
. 
and, with reasonable reproducibility, found they related well at thres-
hold levels. Poser (1962) standardised the projections inside the cuff, 
using 90 8mm rubber spikes around the upper arm, and described the toler-
ance levels of a college student popUlation, but Brooke (1967) found the 
procedure inadequate for the study of an athletic college student group. 
Even with sharp steel spikes in place of rubber, most of the sample 
tested tolerated the pressure at levels where the spikes were indenting 
the skin to the maximum depth of 8mm. This lacerated the subjects. 
Ryan &: Kovack (1966) modified Poser's apparatus (1962) and used a plas-
tic aluminium-tipped football cleat inside the cuff on the anterior 
surface of the tibia. Pressure was gradually increased to tolerance 
point. Contact athletes could be differentiated from the combined 
groups of non-contact athletes and non-athletes by this procedure. The 
75. 
football cleat may have been a common source of acceptable pain for many 
of the contact athletes, which may have biased the study. However, the 
general method appears to be reliable and holds promise of validity. 
In muscular work the cause of the nociception that accompanies 
exhaustion has been investigated. As described above, Barcroft has 
demonstrated that such muscles are in intermittent ischaemic states. 
Accordingly, muscle anoxia has been suggested as the cause of pain by 
Rothschild (1932) and Katz (1935). This does not appear to be so. 
Lewis (1931) showed that with complete obstruction of the entry of arter-
ial oxygen to the limb for up to 10 minutes, followed by nociceptive 
ischaemic work, the time taken for pain to appear is not changed. Stop-
ing such work immediately before nociception occurs but maintaining the 
complete occlusion does not result in nociception, as it would when the 
remaining oxygen is used in the muscle metabolism, if anoxia were the 
cause. Also Harpuder &: Stein (1943) found that changing the partial 
pressure of oxygen in subjects' respiratory gases did not alter the on-
set of nociception in such work. Accumulation of lactates from lack 
of oxygen in the muscle metabolism has also been suggested as a cause 
of pain at this time. However, as Peareon (1961) demonstrated, subjects 
with hereditary absence of muscle phosphorylase still report severe pain 
on ischaemic work, even though they do not produce lactic or pyruvic 
acid. Lewis &: Pickering (1931) reject the possibility of arterial spasm 
in the aetiology of this nociception and Lewis (1932) confirmed this, 
noting that the vessels lose tone during ischaemia. It is possible 
however that this flacidity might itself evoke nerve potentials. Muscle 
cramp was also rejected by Lewis (1932) as he found complete relaxation 
between each movement. This is in agreement with the electromyographical 
potentials from the muscles of athletes working on such a task, for 
Brooke, et al (1967) reoorded heavy bursts··of activity, as shown in 
I 
~ 
I 
Fig. 11. p77 • during the period of nociception but in almost all cases 
relaxation occurred between bursts. Lippold. Redfearn & Vuco (1960) 
. 
noted similar bursts during the later stages of this type of work. De 
Vries (1966) did record fine tonus spasm in poorly trained mUSCle up to 
76. 
twenty-four hours after activity and. in relating this to muscle soreness. 
noted the relation between spasm and ischaemia. Certainly as the muscle 
works close to exhaustion ischaemia occurs and long bursts of electrical 
activity result. There is also increased activity in the antagonist as 
exhaustion approaches. according to Brooke et al (1967). 
In this ischaemic work the most likely cause of pain is the P factor 
proposed by Lewis (1931). It is "a stable chemical or physico-chemical 
stimulus developed in the muscle mass during its exercise." Harpuder & 
Stein (1943). Dorpat & Holmes (1955). Benjamin (1959) and P1l!rk & Radbard 
(1962) all came to the same conclusion. Dorpat & Holmes were more spec i-
fic stating "the available evidence indicates that muscle potassium is the 
pain factor" (p639) and Benjamin (1959) also obtained results that showed 
the release of intra-cellular potassium to be either the P factor or one 
of its important components. The degree to which this may be generalised 
to pressure nociception is not clear but the early work of Fenn (1936) is 
noteworthy. showing that potassium leaves the living cell whenever there 
is diSintegration of the protoplasm and whenever a noxious stimulus is 
applied to it. 
It has been suggested that it is possible to measure the upper toler-
ance level for nociceptive stimulation in a controlled laboratory experi-
mentation. Later in the study methods and results from two such tests will 
be described. Uhfortunately. a direct measure of the amount of nociception 
experienced during the cycle ergometer task was not possible for in the 
absence of information about the actual physico-chemical stimulant that 
produces this type of nociception it would have been necessary to use rating 
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scales and, as described above, this is not acceptable for the present 
work. However, the theory of selective attention described earlier 
allowe a second approach to the problem of assessing this perceived dis-
tress due to exhaustion. 
Measures of shifts in attention have been usefully employed in the 
study of pain. When reviewing the neurophysiological basis for this 
phenomena reference was made to the state of mind in perceiving pain. 
Weddell's'statement (1962) that when the mind is completely absorbed, 
pain can be virtually ignored, was quoted to illustrate the modification 
of the pain stimulus by the condition of the peripheral transmission 
and the central mental state. This interaction is important for the 
identification of nociception in subjects carrying out a complex task. 
Samuels (1959) generalised it to the action of the RAS over the range 
of sensory input, stating 
"that categories (modes) now regarded as independent 
and mutually exclusive in terms of operational criteria 
may be functionally interrelated on the basis of a com-
mon factor of reticular activation." (p20) 
Such functional interrelationships have been demonstrated. On 
the one hand stimuli other than nociceptive do affect the perception of 
the latter. Gardner et al (1960) reported that music and random noise 
reduced the pain perceiVed by 5000 dental patients, even allowing extrac-
tions in some cases. Camp et al (1962) failed to replicate this study 
but the latter work was deficient through using rating of pain by the 
subjects and through only using initial threshold or low levels of pain. 
Later, Petrie et al (1963) reported that audio-analgesia produced 
changes in pain tolerance that were similar to those obtained by Garoner 
et al, and the work was again replicated by Morosko (1966). Even 
sympathetic nervous reaction to pain stimulation is modified by a 
r 
79. 
secondary stimulus, thus increasing the evidence that interaction is 
occurring in higher nervous centres. Farley (1967) reported that 
systolic blood pressure elevation associated with cold pressor pain is 
depressed by auditory stimuli. cn1pman, Ramos, Goodall & Wolff (1963) 
also noted that the Lewis triple response of skin flare due to noxious 
stimulation is reduced in intensity by suggestion under hypnosis. 
Similarly, hypnotic suggestion that the site is already damaged or pain. 
ful results in inflamatory reaotion and increases in tissue damage, that 
can be established by biochemical analysis of the incidence of brady-
kinin, kallidin and plasma kinin derivatives. Steinhaus & !kai (1961) 
used secondary phenomena of gun shots, shouting by the subject and 
hypnoticism as well as CNS chemical stimulants to increase the 'maximal' 
dynamometer strength performance. Stronger subjects showed less 
increase. It may be theorised that these subjects were already 'trained' 
to generate power and to inhibit the 'irrelevant' stimuli of fear or 
distress. In this context Zimbardo et al (1966) observed that pain 
-
perception is altere~ by the amount of Justification that the subject 
sees for further exposure to the excessive stimuli. Beecher (1959) 
similarly reported that wounds that were ignored by soldiers on the 
battlefield necessitated considerable morphine to be tolerable when 
acquired in the hospital operating theatre. It is clear that the 
influence of other stimuli upon the perception of nociception has been 
demonstrated in behavioural studies. 
That the reverse action takes place was noted a good deal earlier 
by Plato, for in translation, part of Timaeus reads, 
"For when a man is overjoyed or contrariwise 
suffering excessively from pain •••••••• he is unable 
to see or hear anything correctly." (1952:233) 
The amount of pain felt is affected by the other sensory stimuli per-
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ceived, as reviewed above, but also the perception of other sensory 
stimuli is affected by the amount of pain perceived. Nathan (1958, 
1960) and Kibler &: Nathan (1960) showed that the relief of pain improves 
the perception of non-painful stimuli. The presence. of chronic clini-
cal pain raises the initial thresholds for touch and pressure and relief 
of the pain by anaesthesia lowers them again. Similar results of pain 
stimuli being associated with increases in the thresholds for hearing, 
sight, vibration and temperature are reported by Benjamin (1955, 1956). 
When the pain is of low intensity the subject fully attends to the other 
sensations. When the pain is intense these sensations are not attended 
to. More specifically, 
"the degree of sensory interference produced by a 
painful stimulus depends on the intensity of the pain 
stimulUS and on the relative concentration by the 
subject on the painful and on the non-painful 
stimuli....... The mean threshold raising effect 
is generally proportional to the intensity of the 
pain." (p6)4) 
It was also noted that subjects trained to the task were less disrupted 
than untrained subjects. It is this action of the perception of noci-
ception upon the perception of other sensory stimuli that offers the 
opportunity to assess the degree of nociception felt on the cycle ergo-
meter. As Benjamin states, the degree of sensory interference can be 
expected to be in proportion to the intensity of the pain felt. Tests 
have been developed upon this proposition and will be described later. 
The intention in these tests was to present low level sensory stimuli 
that were to be responded to in both the normal linear work state and 
close to the end of the limited work state on the cycle ergometer task. 
Between the two states changes in the adequate stimulUS needed to elicit 
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a response were related to the amount of attention required to continue 
in the increasingly Umi ted work state and to ignore other stimuli, 
particularly nociceptive but also, and incidentally, other sensory stim-
uli of low significance. This is an attempt to adapt the neurophysio-
logical techniques of Anokhin and others to demonstrate the biological 
filtering system in an applied situation. 
When nociception occurs near the end of exhausting muscular work 
it is associated with changes in the blood acid-base state. Although 
it is clear from Peareon's work (1961) that alteration in the blood pH 
-
is not always the direct cause of the distress, it may still be that in 
the healthy human this increase in hydrogen ion concentration identifies 
a changing bodily state that includes stimulation of the receptors for 
nociception. The two are often related. Barcroft & Youlton (1966) 
found identical falls in pH when pain was produced by rapid hand shutting 
and opening and when it was produced by ischaemic work of the same type. 
Linde (1963) associated blood lactate level with degree of "motivation" 
to endure the distress of exhaustion, as did ~strand (1952) "and 
Simonson (1965). Many studies have demonstrated that in exhausting 
exercise the pH of the blood decreases, despite the buffering capacity 
of the latter, because of the greater increase in lactic acid, carbonic 
acid and other acid metabolites. Hill & Lupton (1923) reported an 
increase in blood lactate as exercise advances and Wasserman & McIlroy 
(1964) and Knuttgen (1962) proposed that this increase in blood lactate 
starts to occur at an oxygen uptake of around 1.5 to 2.0 ~min. 
Margaria, Edwards & Dill (1933) suggested this point to be approximately 
two-thirds of the maximum oxygen uptake. They also identified an 
'alactacid' mechanism at the lowest levels of work, When the oxygen up-
take is still adjusting to the work demand and a 'lactacid' mechanism 
for the higher work levels that approach exhaustion. Recent work by 
Margaria et al (1963 and 1964), Wasserman, Burton & von Kessell (1965) 
and Henry & de Moor (1956) has confirmed the existence of these two 
stages. The maximum increase in hydrogen ion concentration in the 
lactacid phase in the work of Shock (1944) and Morales & Shock (1944) 
occurred, after exercise that leads to exhaustion, in approximately the 
first 10 minutes of 'recovery'. Dill (1936) suggested this low point 
to be about 5-7 minutes after exhaustion. It is this lowest pH that 
is of interest in studying the amount of distress experienced, for as 
Rstrand, Hallback, Hedman & Saltin (1963) state, 
"A measurement of the blood lactat:& concen-
tration ••••• usually gives a good objective cri-
terion of the subject's degree of exhaustion." (p621) 
That there is a high relationship between blood lactate and hydrogen ion 
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concentration has been shown by Bouhuys, et al (1966). Their subsequent 
rejection of the blood pH as a suitable measure of exercise aCidosis is 
dubious statistically, for the quality of replication of the lactate 
deterrninations is not clear and calculation of reliability coefficients 
from similar data of Wasserrnan, Burton & von Kessell (1965) left 47% of 
the variance between the repeated measures of the same physical entity 
unaccounted for (r - 0.73). As suggested earlier, with low replicabil-
-
ity of an attribute, a one to one experimental relationship with it and 
any other attribute is statistically improbable and it is thus difficult 
to accept Bouhuys' rejection of pH as an indicator of exercise acidosis 
when the correlation between,lactate and the,negative;logarithm of the 
blood hydrogen ion concentration was 0.8. 
It has been suggested above that part of the difference in the 
maximum work capacity of individuals lies in differences in perceiving 
afferent stimuli from the work task. It is possible that suc~ differ-
ences will be seen as differences in personality, if personality measures 
assess responses to normal levels of afferent stimulation that are 
uncountered daily. 'Personality' in the work context is described 
by Welford (1966) as, 
"certain uniformities (that) can be detected running 
through an individual's behaviour which typically 
seem •••• to appear in a variety of circumstances and 
affect modes of dealing with other people and the 
environment generally." (p359) 
While the measures of tolerance for nociception assess a specific task 
behaViour in a controlled experimental situation, assessment of person-
ality can be based on an average of many responses from day to day life 
behaViour. Often this is estimated by personality questionnaires, of 
which one of the most accepted is the Eysenck Personality Inventory 
(EPI) (1964). 
Eysenck's description of the structure of human personality (1957) 
. 
and (1960) on the basis of many factor analysis studies proposes that 
the three independent continua on which to classify these 'normal life' 
responses are, Extraversion, Neuroticism and Psychoticism. Fig. 12, 
, 
p 8~, from Eysenck, H. J. (1960) illustrates the derivation of these 
types. Statistically, large numbers of specific and habitual responses 
are classified together as characteristics or traits of the individual 
and these traits themselves are related together sta~istically to form 
the three independent types. The factor of psychotic ism is not yet 
clear. Intraversion-extraversion is made up of traits such as those 
shown in Fig. 12, p 'air. Neuroticism consists of the degrees of 
instability, dependability, emotional reaction and sensitivity. 
Eysenck, S. B. G. (1962) validated the Maudsley Personality Inventory, 
precursor to the EPI, by testing the ratings of judges familiar to sub-
jects who had been placed in criterion groups on the basis of their 
I 
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Fig. 12 The derivation of personality types according to Eysenck 
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questionnaire score. Valid differentiation of the groups occurred at 
highly significant levels. A smilar identification of personality 
traits has been made by Cattell (1947) and was used to construct the 16 
personality factor index. With this latter tests more information is 
available at the trait level. 
, 
The Eysenck factor of Extraversion is of particular interest for 
the present problem, in that a specific neurophysiological substrate has 
been associated with the behaviour measured. Eysenck (1957) proposed 
that, 
"Individuals in whom (CNS) excitatory potential 
, 
is generated slowly and in whom excitatory potentials 
so generated are relatively weak, are thereby pre-
disposed to extraverted patterns of behaviour ••••• 
(as are) •••• individuals in whom reactive inhibition 
is developed quickly, in whom strong reactive inhi-
bitions are generated and in whom reactive inhibition 
is dissipated slowly ••••• " (pll4) 
In a later paper (1963) Eysenck suggests the specific brain site, 
stating, 
"Is it possible to locate any structure within 
the nervous system which may be responsible for 
individual differences in these mysterious processes 
of excitation and inhibition? I would suggest that 
the ascending reticular formation may fit this pre-
scription very well •••• " (plo34) 
By this association of the personality continuum of extraversion with 
the neurophysiological mechanism proposed to be important in the toler-
ance for nociceptive stimuli, an opportunity is presented of testing 
the relationship between work physiology responses, data from experi-
mental psychology and personality. Recognising the difficulty of 
assessing mental states, it is fair to note that Eysenck (1963) later 
states, 
"This hypothesis linking psychological concepts 
with physiological structures is offered only very 
hesitantly. " 
Perhaps one may assume that the hypothesis has not yet been rejected as 
Eysenck (1966) later reiterated the involvement of the reticular forma-
tion's modifying influence in forming the extraversion continuum. In 
the theoretical context of the present study this proposition seems to 
be that the reticular activating system to a comparatively constant 
degree moderates the level of sensory activation of the cortex, within 
any one subject, with significant differences in this degree to be found 
between subjects. This predisposition appears to be related to the 
generalised arousal behaviour. If this is so, that differences in 
extraversion are associated with differences in generalised arousal, 
then such personality differences may be related to the level of stimu-
lation from sites of nociception that is required to arouse the organism 
to intolerable levels. 
There is experimental support for the association of extraversion 
with particular types of physical persistence and pain tolerance. 
Lynn & Eysenck (1961) reported a highly significant correlation of 
+0.69 between tolerance time for increasing thermal pain and extraversion 
and a low significant correlation of -0.36 between the pain tolerance 
and neuroticism. Poser (1960) found a correlation of +0.53 between 
tolerance for ischaemic nociception and extraversion and Costello & 
Eysenck (1961) concluded that the more extraverted of a group of 72 
children were significantly more persistent in the time they could main-
tain a third of their maximum static strength on a dynamometer, than were 
PJ,. 
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the more introverted. There were no significant differences between 
the groups of children in neuroticism or initial maximum strength. In 
a group of psychiatric patients, Hall & Stride (195Y) reported that the 
neurotic and anxious patients generally had low thermal pain thresholds 
and in narcotic addicts a low significant correlation of -0.303 between 
neuroticism and cold pain tolerance was stated by Martin & Inglis (1965). 
It would appear that generally higher pain tclerance is associated with 
lower neuroticism and/or higher extraverslDn scores. However; Levine, 
Tursky & Nichols (1966) failed to obtain a significant correlation be-
tween extraversion and pain tolerance when the latter was measured in 
both students and housewives by using ascending series of discrete (as 
against continuous) electric shocks up to both unmotivated and motivated 
tolerance levels. Further, Brachman & Costello (1963) found no signi-
ficant correlation between hand dynamometer persistence as studied 
earlier (1961) and extraversion in a group of 80 Canadian soldiers. 
Subjects with higher neuroticism scores were less persistent than those 
with normal N scores. Whiting (1968) quoted the results of Levine, 
Tursky & Nichols op. cit. and suggested that results from the earlier 
tests may be confounded, but Brooke (1968) in reply, noted that if the 
earlier tests, albeit confounding temporal and physical change, demon-
strated predictive validity, this might justify their retention in a 
study. It does appear that task specificity, experimenter specificity 
or subject specificity are involved in the d±screpancies that have 
appeared between studies. 
Von Zerssen (1965) reported a significant correlation between extra-
version and mesomorphic body build in 123 young men and Heusner (1951) 
reported a group of champion athletes to be highly significantly differ-
ent from the norm in showing higher extraversion and lower neuroticism 
on the Cattell 16 PFI. Many studies have since reported that groups 
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of physical participants are significantly more extraverted than their 
equivalent non-participant normal populations. Stone (1961) with 
international athletes, Kane (1962) and Hardman (1962) with schoolboys, 
Kane (1966) with footballers, and Hardman (1968) with rugby players, 
all to varying degrees demonstrate the effect. Knapp (1965) did not 
find a group of international tennis players to be extraverted. Brooke 
(1967) further tested the relationship. One hundred and eighteen male 
physical education student teachers were measured with the EPI. In 
agreement with most of the stUdies referred to above, these subjects 
were significantly more extraverted than the normal populations quoted 
in the test manual for the EPI (1964). Three criterion groups were 
tben selected, made up of the 20 most extraverted subjects (~ = 19.8, 
SD = 1.00), 20 most introverted (~ = 8.45, SD = 2.14) and 20 'average' 
men (~ - 14.5, SD - 0.51). These 60 subjects were tben measured on 
(1) maximum grip strength, (2) maximum 440x run, (3) maximum number of 
pull-ups on a beam, (4) maximum pressure pain tolerance on the piece of 
apparatus that eventually proved ineffective as discussed above, and 
(5) highest level of representative competitive physical activity. The 
latter was assessed on selection for school, county, area or national 
sports representation. Testing in a univariate manner, the personality 
groups of 20 students in each group, could not be significantly differ-
entiated on any of the measures. This was further tested in 100 female 
physical education studenkteachers as described by Brooke, Hamley, Stone 
-& Thomason (1969). The level of sports competition was used as the 
criterion variable and the other variahles, except for the pain toler-
ance, were used asdependent variables. Although all the measures were 
taken together in a multiple discriminant function analysis, the total 
predictive power to differentiate between the groups of sports ability 
that ranged from school to national competitive representation was only 
significant at the 10% level. This lack of ~ensitivity to differen-
tiate between motor abilities within groups of physical participants has 
also been found by Nias (1968) in a number of studies including inter-
national, county and good college club athletes. It may be that the 
contribution of the personality characteristics of extraversion and 
neuroticism to exhausting physical work performance will only become 
apparent if they are combined with many other relevant work performance 
responses. Shephord (1966) studied some physiological statistics together 
with these two personality measures and reported that intraversion and 
higher neuroticism are associated with higher resting ventilatory volumes 
per minute and extraversion and lower neuroticism are associated with 
higher heart rates at the end of a standard, SUb-maximal exercise. How-
ever, the lack of measures taken over the duration of exercise makes it 
diffioult to hypothesise from that study. 
Taking the results over-all, it appears that personality measured 
using the Eysenck questionnaire is related to tolerance for physical 
pain and partioipation in vigorous physical activity. The relationship 
of these c~cteristics within a group of subjects performing an exhaust-
ing physical work task is not clear. 
This completes the relevant review of the research on the responses 
of the human being to physical work. It is now appropriate to recon-
sider the model and to see how the particular measures taken both derive 
from the earlier research and are also intended to define the essential 
structure of the theo~. These measures were expected to demonstrate 
many of the general patterns of responding and also to provide the res-
ponses that differentiate between subjects of varying work abilities'. 
Fig. 13, p90 , describes the particulars of the measures taken from 
a sample of trained performers working to exhaustion. When all the 
physiologioal parameters disoussed are making adequate homeostatic res-
ponses to the increasing work it is hypothesised that the rates of 
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change in response of heart-rate, expired air oxygen fraction, oxygen 
consumption and ventilatory volume for each subject are valid indices 
of the changes in work load. This is the normal linear state of work. 
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At that time there may be expected to be high attention to sensory stimuli 
that are received at peripheral receptors, for there is no distress from 
physiological disequilibrium. The response times or the initial thres-
holds of the sensory modes will therefore be low. As the body moves 
into disequilibrium with further increases in work load, it was theorized 
that characteristic limited work state responses may occur in the expired 
air oxygen fraction, oxygen consumption,ventilatory volume and heart-rate. 
There was expected to be reduction or cessation in the rate of change 
with fUrther standard increases in work load. These limited physiological 
states are associated in Fig. 13, p90, with the change in blood hydrogen 
ion concentration toward a more acid condition and this pH shift has 
itself been associated with the changes in the mental state. The level 
of awareness of the low level sensory stimuli is now reduced, in that 
they are, like the increasingly intense nociceptive stimuli, poorly 
attended to whilst the performance of the work continues. Their response 
times or initial thresholds may be expected to be higher at this stage. 
The difference between the mental conditions of the normal linear and the 
end of the limited work states (A b-a) is intended to estimate the addi-
tional loading of the nociceptive stimuli. Accordingly the tolerance 
for laboratory nociceptioneway from the cycle task may be expected to 
relate to these different measures, ~ b-a,and thus also to the limited 
physiological states; there are reasonable grounds for expecting parti-
cular factors in the personalities of the subjects to be similarly 
involved. This theorizing about the interrelationships between the 
limited state measures is strengthened by the fact that the moderating 
action of the reticular activating system of the braincstem probably 
underlies-these various aspects of the subject's behaviour. While it 
I~ 
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is more obviously involved in acting as a filter to the passage of noci-
ceptive stimuli to consciousness, it was suggested in the review of 
literature that the personality measures might also derive from the 
action of this brain system, amongst others. 
Drawing these strands closer together, it is feasible to consider 
that disequilibrium eventually succeeds the homeostatic responses to 
the 
increasing work load, that assessment of some of/characteristic physio-
logical changes can be made, and that a set of measures of mental atten-
tiori to the nociception that follows may be derived on the basis of 
knowledge about neurophysiological function. 
This was the theory. To move further would have been to speculate. 
It was necessary to know whether the general patterns of normal linear 
and limited work responses actually could be demonstrated and, if they 
could, to show how the various measures interrelate. If this could be 
done, the relevance of the mental state measures to both themselves and 
to the physiological changes needed to be probed. Finally, before any 
further theory it was necessary to ask whether the responses being iden-
tified were related to differences in the work abilities of the subjects. 
Accordingly, experiments were made to describe the characteristic 
behaviour of a group of young male adult time-trial cyclists performing 
the physical work task to exhaustion. 
i 
-( 
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SECTION WO - mE EXPER1MENTAL MElliODS AND RESULTS 
The present section of the dissertation describes each experimental 
method used and the measures obtained: the next section present~ the 
interrelationships between these measures and the statistical methods 
used for the multivariate analyses. The cardiac and ventilatory res-
ponses have been called the physiological variables; excepting the 
criterion of maximum work ability. the other measures have been called 
the psychophysical variables. The blood hydrogen ion concentration 
has been placed in this latter section because it provided the link 
between both groups and because. unlike the other physiological vari-
ables. it was not measured over the common time course of the physical 
work task. Like the other variables of the mental state it was 
measured near the beginning and end of the work. 
The experimental environment was controlled to avoid strongly 
influencing the human response. for this can occur as reviewed in 
Section One. By manually turning heaters on and off aseppropriate. 
the temperature of the laboratory was maintained within the range 
170 - 22oC. The sound level was reasonably constant. being mainly 
the background noise of the turning parts of the cycle ergometer. 
The only personnel in the laboratory during testing were the subject 
and the necessary experimenters and the latter never openly motivated 
subjects during the tests. For the attention task on the ergometer 
only the author and the subject were present and further controls were 
applied during the pain tolerance testing as described below. Before 
starting any of the tests the subjects were questio~aJ. whether they 
were at that time taking any drugs. or medicament such as analgesics. 
or were suffering any ill-health. No athletes were rejected on these 
grolIDds. 
The subjects were twenty male. time-trial racing cyclists who were 
9ft· 
training more than three times per week. It was advantageous to use 
this type of subject as they were accustomed to generating physical 
power until nociceptive, incapacitating exhaustion occurred. There-
fore they were likely to approach closer to the ultimate limits of 
work capacity than the normal person unaccustomed to the physiological 
changes that occur as work advances. Also, they were trained in the 
skill of generating physical power to exhaustion on a machine, the rac-
1ng bicycle, similar to the laboratory ergometer. Further, as time-
trial cyclists they were habituated to the demands of constant physical 
power output without respite over considerable periods of time. This 
was an essential part of the laboratory work test used. It was argued 
in Section One that if there is the power to predict work ability 
from human biological responses to exercise, the best work criterion 
will be that which approximates most closely to the work done to develop 
these responses. The work measured on a cycle ergometer and the train-
ing and racing performances used to develop the physiological and mental 
states assessed are quite closely related when subjects such as the 
present sample are used. This helped to demonstrate the relationships 
between the maximum work abilities and the responses of the subjects. 
All the subjects lived within a radius of twenty miles of Salford, 
England. The statistics describing the distribution of their ages, 
heights, weights and body shapes are shown in Table 6, p 95. The body 
shape parameter was calculated by using the Rees-Eysenck Male Body 
Index (1945), 
M.B. I. = 7'"~=::s:-:t=a=t==ure::,.;;~;::;cm~.;:.x":ril:.:O:::O==-r~ 
x transverse chest diameter cm 
These physical characteristics fall within normal bounds. The body 
index statistics of x 92.3, SO 4.2 are close to the statistics of i 88.9, 
SD 4.5 for a sample of 60 male physical education students, Brooke (1967) 
and i 88.3, SD 6.2 for a small sample of male physical education teachers 
Table 6 Distribution of age, height, weight and body shape in the 
sample of time-trial racing cyclists 
-x SD n 
Age (yrs) 21.5 3.9 20 
-
Height (cms) 180.1 6.0 20 
-
Weight (kg) 71.0 5.9 20 
-
Body Shape (MBI) . 92.34 4.20 17 
-
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and coaches, Bradbury, Brooke &: MacLock (1969). The deviation between 
the means of these groups was tested by a standard t test. 1! statistics 
of 0.27 between the present sample and the physical education students 
and 0.5 between the present sample and the physical education teachers 
were obtained. Neither of these approaches significance at the 5% 
level of probability. The groups are similar in body shape. 
The subjects exercised in racing shoru. socks (optional) and 
racing shoes. Table 7, p 97 lists the experimental timetable showing 
the days between both physiology tests (p) and between psychophysics 
tests (A) for each subject. While the intention was to test on Monday, 
Wednesday, Friday, Tuesday. Thursday, etc. with two groups of subjects 
running together, individual personal reasons sometimes prevented this. 
Fig. 15, p9g was drawn to observe whether there was a cumulative 
fatigue effect, seen as loss of maximum work ability, in the eight 
subjects having trials closest together. No such effect was seen. 
Presumably the tests merely replaced the normal day's training. Trial 
one was with respiratory face mask and trial two without, which accounts 
for the upward trend between these two points. It can be seen in 
Table 7, p 97 that two subjects were not measured on the psychophysics 
vaDables. Before these tests could be carried out one of these sub-
jects crashed while racing on the cycle track and sustained injuries 
sufficient to stop him from training, at least up to the date of writing 
this dissertation. The other subject after two trials on the physio-
logical variables was so dispirited by his perceived lack of ability 
that he refused to return" to the laboratory for further tests and has 
maintained this refusal up to the present time. This has resulted in 
the data from twenty subjects being used in the analysis of the heart, 
-
lung and work variables, while data-from only eighteen subjects is 
available for the analysis of tre other measures. 
Most" of the testing was carried out in the evening; approximately 
l 
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Table 7 Experimental timetable showing days between physiology 
tests (p) and psycho-physics tests (A) for each subject 
Subject 
1 Pl P** 
2 Pl P* Al Al A 
3 Pl -p * Al Al A 
4 Pl P* A6 Al A 
5 Pl P* Al Al A 
6 Pl P* Al Al A 
7 Pl . p* A) Al A 
8 P 
*** 
9 P * Al A3 Al A 
10 P 
* AO Al AO A 
11 Pl Al ~: Al ., A 
12 Pl A3 Al Al A) A 
13 Pl A) Al Al ~ A 
14 Pl Al ~ Al A3 A 
15 Pl Al A) Al ~ A 
16 Pl A3 Al Al A) A 
17 Pl A) Al Al A3 A 
18 Pl Al A3 Al A) A 
19 P7 ~ A 
20 P7 ~ ~ Al A 
Note: subscript denotes days between trials 
* a six month break while the attention tests were 
further developed 
** subject refused to return for further tests - demoralised 
*** subject injured in crash 
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ninety-one hours of experimentation occurred then between 17.00 and 
23.00 hours, with approximately twenty hours around mid-day. In 
almost all cases, for anyone subject the testing sessions were 
arranged for the same hour of the day each time. Fig. 14, ploa pro-
vides an overview of the temporal organisation of the experiments. 
Zero on the time scale near the top of the diagram corresponds to the 
start of the CIL work task. Some tests were made before this work 
started and these are located in the minutes before the test began. 
The upper channel designates the position and condition of the subject 
when the tests described below it were carried out and the order of 
the tests can be traced by reading down the left-hand side of the 
diagram. This ordering ignores the duplicate trials that were made 
to provide estimates of the tes~retest replicability of the experi-
mental procedures. In the lower two channels the test stimuli 
applied to assess the attentive state of the subject are shown by the 
arrows. From this overview the particular tests are now considered 
in detail. 
THE PHYSICAL WORK TEST was a cycle ergometer performance against 
a continuously increasing work load (CIL) to exhaustion. The Dortmund 
11 Max-Blanck Institute cycle ergometer as designed by Muller was used. 
On this ergometer the subject pedals on an upright cycle frame in which 
the rotational forae is transmitted by a chain to a wheel which has a 
copper disc attached to its periphery. The copper disc rotates in a 
field of paired magnets which create an electro-magnetic drag so that 
by changing the position of the magnets the work load can be altered. 
The magnet assembly mounted on a cam can be seen in Fig. 16, p/O/. 
This cam is attached to a pre-calibrated dial showing in watts the 
power being produced when pedalling at a required constant rate. 
-
Fig. 17, p/02 shows the pace-setter that is designed to indicate the 
required constant pedalling rate. This is a simple device incorPorat-
Pre Work S. on ~ Changing End S Recovery cycle INCREASING WORK LOAD State t State- s State 0 State low load t Distress p 
. 
preparatory I Nonnal Limited I I I 
I state I Linear Work I 
I Work States I I 
I States I 
(min) I I Time I I 
I I I I . I 
-31 -21 -11 -1 0 -15 
TEST 1 Physiological Measures (HR, VEA, 02F, VE02) 
Anthropometry I I I I I I I I I I I I I I I 
TEST 1 Blood pH 
I_ T t t T t T T I 
-1 0 16 20 
TEST 2 Attention l. Pure Tone Test 
Pressure 30% of d -~ST 97.5'f, of training for-+ workrrange work range Tolerance I EPI I I lIIIII , Itn I I 
" - 31 '"'--' -21 -11 20 
TEST 3 Attention 2. Pressure Change 
Ischaemic 30;; of 97.5% of 
Tolerance training for-+ work range d - ,6JND work range 
I I tImT T I I I 
-31 -21 -11 
~: Replicated trials are not described 
Fip;. 14 Basic Paradigm of Experiments 
'C:> 
0 
. 
Fig . 16 The 
cycle ergometer 
load source and 
control system 
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The 
rate meter 
control of the 
cycle ergometer 
ing a small induction electric motor rotating a jockey-wheel in an 
epicyclic system whose peripheral pinion is rotated in contrary direc-
tion by a flexible link to the cycle ergometer. When the correct 
pedalling rate is reached the jockey-wheel is held motionless. A 
pointer is attached to the jockey-wheel. A gear selector permits 
choice of pedalling rate. Two further important refinements exist. 
In time with the pedalling rate the magnets can be lowered automatically 
and continuously relative to the copper disc. This uses a simple cam 
device activated by a worm gear on the wheel axle: it results in CIL 
work. The other refinement permits external calibration of theload. 
The suspension of the magnet can be released from the cam to swing as 
a pendulum about a fulcrum against a precalibrated weight. At a 
pedalling rate of 60 rpm the pendulum is displaced an exact amount by 
the electromagnetic forces produced (100 watts). This displacement 
is checked by reading for zero on a gauge. Recalibration is achieved 
when necessary by raising or lowering an additional core in the magnets 
and then retesting until equilibrium at zero reading on the gauge is 
achieved. 
In the present research the CIL device was used with a required 
pedalling rate of 90 rpm. This was the maximum rate for which this 
ergometer has been calibrated by the manufacturer but was below the 
normal racing rate of pedalling for most of the subjects. At a preset 
90 rpm the power output increased approximately linearly and continuously 
by 30 watts each minute. In every test the subject first rode for 10 
minutes at a constant low load of 60 watts. This was intended to train 
the subject to the task and to allow emotional responses to diminish. 
The preliminary ride was followed by a one-minute rest, sat on the 
ergometer. The CIL gearing was set in action and after the short rest 
the subject restarted work at exactly the same work load and revolution 
rate but this time the electromagnetic load on the rear wheel gradually 
/(Jf· 
increased until the subject found it impossible to maintain the ·~te 
of work and stopped, incapacitated. This was sometimes preceded by 
failure to accurately maintain the pedalling rate and subjects were 
then warned to 'get the rate'. If they were unable to restore the 
rate immediately they were stopped. This warning was given when the 
indicator of the pace-setter had fallen off 90 degrees. With most sub-
jects the warning was not required. Rither they could continue to 
perform the task or they stopped. The ergometer was hlirizcintal (as 
demonstrated by the spirit level built onto it) and the calibration of 
the magnet was rechecked each week. Little ,; .. ", correction was 
required throughout the series of experiments. The maximum level of 
work achieved (in watts) at a rate of 90 rpm was the criterion for work 
ability throughout the study. It usually occurred after 10-15 minutes 
CILwork on the main ergometer task, i.e. a power output of 360-500 
watts. For some subjects two tests of cardiac, ventilatory and work 
responses were made ~the duplicate P (physiological) trials in Table 7, 
p 91-1 to assess replicability. In these cases the work criterion and 
the heart and lung responses are the results of the second of the two 
trials. It was felt that a more stable response to the work was likely 
in the later trial as the subjects were more accustomed to the procedures 
and accordingly provided a better measure of their true ability. 
The saddle height of the ergometer for each subject was adjusted 
to the specification of Hamley & Thomas (1967). The height of the 
symphisis pubis was measured for each subject standing in normal anatomi-
cal position with the heels a foot apart. This height plus 9% of the 
height constituted the height of the top of the saddle from the surfaoe 
of the pedal axle, When the pedal crank was in line with the ergometer 
pillar. The saddle was a standard Brooks racing saddle (not the wide 
sprung saddle supplied with the ergometer) and toe clips were used on 
the pedals. Level handlebars were used and the rest of the body posture 
.. 
remained free to the subjects. In one of the pilot studies on heart-
rate, Brooke, Hamley & Thomason (1968a) the posture of three subjects 
-, 
had been controlled so that the trunk was restrained between 6o°and 900 
to the horizontal by fine wires drawn across the ergometer. The result-
ingtrials could not be differentiated from those without such controls. 
As it is quite possible that such artificie,s may distract a subject, 
they were not used in the present work. 
An estimate was made of the replicability of each of the experi-
mental measures obtained; from repeated trials, and in some cases 
repeated measures in one trial, it was possible to estimate the degree 
to which a particular score from a test might be reproduced when the 
experimenter attempted to repeat the test. The importance of the 
quality of this reproducibility was discussed earlier in Section One. 
In all cases in the present study two-way analysis of varianoe procedures 
have been used to make these reliability estimates, in the manner 
initially described by Hoyt (1941). This enables one to compare the 
change in each of the subject's scores over the trials against the 
variability between all the subjects' scores on each of the trials. 
It is a standard method that is reviewed by Thorndike (1951) and 
Ferguson (1959). The fornrula proposed by Liba (1962) that partials out 
the effect of a linear trend in the trial means has been used to esti-
mate the true replicability coefficient Pxx by 
where 
I - I x T 
I + (k-l) I x T 
re xx is the maximum likelihood estimate of the replica-
bility coefficient from trial to trial 
k is the number of trials 
I is the mean sum of squared deviations about the mean 
between the subjects 
and I x T is the mean sum of squared deViations about the mean 
between the subjects by trials interaction. 
, 
105". 
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Over all trials the test/retest reliability coefficient for maximum 
work level was 0.95. The individual maximum work abilities are shown 
in Table 8, p 107. For the rest of this study these results are the work 
criteria of the subjects. 'lb.ey are summarised in Table 11, p 12.0, 
where the mean maximum work level is shown as 427.6 watts, SO 43.5. 
EXERCISE HEART-RATE was measured on a Cambridge Transrite III 
electrocardiograph using Beckman Bio-Potential skin electrodes. This 
is a battery operated electrocardiograph and required much less than 
the five minutes allowed as warm-up time to stabaize before use. A 
calibration signal of 1 mv was pre-recorded on the trace for each 
trial, recalibration being adjusted to exactly 10 mm square wave. The 
first time a subject arrived for an experiment both normal clinical 
supine and exercise recordings were made. From the resting clinical 
recordings an inspection could be made for any electrocardiographic 
abnormalities. None were found. The exercise electrodes were then 
attached as shown in Fig. 18, p/o8. The element of the electrode is 
a silver-silver chloride pellet prepared so that noise from movement 
artifacts or skin impedance is kept very low. The element is set in 
a small plastic container which has a grill on one side so that there 
is a space between the skin and the body of the electrode. This gap 
is bridged with electrode jelly. These electrodes are very effective 
for studying the exercise response of the heart, for they are lightweight, 
robust, stay on in spite of heavY sweating by the subject and with care-
ful preparation give~'cleanl or interference free recordings even at 
exhaustion point. Fig. 19, p/o9i11ustrates typical traces taken at 
pre-exercise, exhaustion and after 30 sec recovery. As shown in 
Fig. 18, p/OSone electrode was placed over the manubrium and the other 
over the sixth rib on a line perpendicular with the left nipple. The 
preparation of the skin sites and the electrodes was important. The 
skin area was first cleaned with alcohol and where necessary shaved. 
/07. 
Table 8 The work criterion (maximum work ability) for 
each subject 
3ubject Final Power 
Level (watts) 
31 389 
32 490 
33 468 
s4 450 
35 417 
s6 400 
37 478 
38 445 
S9 410 
310 462 
311 415 
S12 435 
S13 440 
s14 300 
315 375 
s16 467 
317 425 
318 445 
319 451 
320 391 
/08. 
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Fig . 19 Electrocardiographic traces taken over one experimental trial 
A small quantity of electrode Jelly on a wad of cottonwool was then 
rubbed into the skin to the extent that the red response of Lewis' s 
triple reaction occurred but not so severely as to leave post-activity 
scars. The surface jelly was then lightly cleaned off with alcohol. 
A flexible double surface adhesive disc (a 3 M's product) was stuck to 
and 
the flat plastic surface of the electrode/the silver electrode surface 
was then covered with just sufficient electrode jelly to provide good 
electrical contact between the silver plate and the skin surface. 
Finally the remaining adhesive side of the disc with electrode attached 
was pressed firmly onto the prepared site, shown in Fig. 18, p/OS • 
When both electrodes were in position the lightweight cables from 
the electrodes were fiXed by tape to the skin over the base of the 
sternum and to the right side of the body and then connected to the 
//0· 
electrocardiograph. Normally recordings were made of more than 12 beats 
of the heart before exercise, between the 10 minute stabilising ride 
and the main work task, and at minute intervals during the work task to 
exhaustion. From these recordings exercise heart-rate per minute was 
obtained by calculating the time taken for 10 normal R-R waves and con-
verting this into beats per minute. Brooke, Hamley &: Thomason (1969a) 
showed that this was the most suitable procedure for calculating exer-
cise heart-rate. The trial-by-trial reliability coefficient for exer-
cise heart-rate in the present study is 0.98, which corresponds closely 
with the results reported earlieril the definitive study op. cit. This 
is the most replicable of all the measures taken. 
Typical results were discussed in Section One and illustrated in 
Fig. 4, p 31. Such curves of each subject's heart-rate responses to 
the eIL work have been analysed statistically to calculate the slope of 
the linear part of the relationship and the degree of curvature of the 
quadratic portion. The curves of expired air ventilatory volume, 
oxygen fraction and oxygen consumption were similarly analysed for sig-
Ill. 
nificant components. The fit of the calculated curve was tested for 
significance by analysis of the sum of squared deviations of the actual 
response from the fitted line, using the technique of orthogonal poly-
nomial curve fitting. The addition of each higher term, which is 
independent, i.e. orthogonal to the other terms, is assessed by statis-
tically testing the change that reaults in the residual sum of squares 
of the deviations of the data about the fitted line. A review of the 
use of these statistics is given by Grant (1956) and Fisher & Yates 
(1953) • The dependent physiological variable y was treated as a function 
of the independent work level variable x with n levels, so that a function 
n-l 
a 1 x resulted. 
n-
The number of terms in actual fact depends upon the significance testing. 
An earlier study has shown that for the heart-rate, after removing the 
anticipatory responses, significant linear and quadratic components are 
normal. Inspection shows that there is high curvature in the expired 
air oxygen measures. Accordingly, in the full analysis for the present 
study these two linear and quadratic components were always calculated. 
An English Electric KDF9 computer was normally used. The anticipatory 
responses previously demonstrated by Brooke, Hamley, Thomason & Merrick 
(1969) were first removed. The quadratic component for the remaining 
range of responses was then calculated. Finally, by visual inspection, 
the linear range was established and the slope of the linear regression 
line was calculated. This was a change from the procedure by Brooke, 
Hamley, Thomason & Merrick (1969) where the point of change from 
linearity to curvature was identified statistically. The latter analyses 
involved 20 levels of the work variable x. In the present study the 
number of work levels ranged from 5 to 15, being time intervalsof one 
or two minutes and not percentages of the total work range as had been 
used earlier. Accordingly it has been much easier to see where curva-
ture started. The heart-rates were measured over 10 beats at the end 
t 
r 
of each minute during the CIL work and the ventilatory changes were 
measured every other minute. 
1/2.. 
Individual results for the linear coefficient, quadratic coefficient 
and maximum values of heart-rate response are shown in Table 9, pllj. 
The means and standard deviations of these three statistics are contained 
in Table 11, p/20. The highest maximum heart-rate calculated from 
10 R-R waves was 212 beats per minute and the lowest was 180 beats per 
minute. 
Throughout the remainder of this dissertation the use of the super-
scription '1' after the abbreviation that represents a physiological 
function, i.e. VE •
l
, denotes the coefficient of the linear rate of change 
of that function: similarly, the superscription '2' denotes a negative 
quadratic coefficient representing the rate of reduction in the rate of 
change and the superscription 'm' stands for the maximum level of response 
that was obtained. 
LUNG VENTILATION measures were obtained. The apparatus, shown 
in Fig. 20, p 114-, consisted of three sizes of masks of approximately 
167 ml dead space, low resistance valves of approximately 32 ml dead 
space and lightweight low diffusion~ nylon tubing with a o_60oC thermo-
meter sealed into the tube. The gases expired from the lung flowed 
through this system into a two-way ta'p • (Siebe Gorman) that connected 
either to the atmosphere or through a Parkinson Cowan CD4 respiratory 
gas meter to a 200 litre capacity sealed plastic Douglas bag. The 
minute flow rate through this meter never exceeded the calibration maxi-
mum of """""183 litres per minute, but the peak flow rate may have 
exceeded this figure. At a flow of 100 litres per minute the pressure 
difference was approximately 1.5 cm H2O. In the pilot experiments 
some bags of gas collected in this manner were passed back through the 
meter at a steady rate but there was no meaningful difference between 
-the measures of volume from the two types of flow. The measures of 
T 
Table 9 Cardiac frequency rates of change in normal linear and limited 
work states, together with the maximum rates obtained 
Subject Linear" Quadratic* Maximum Coefficient Coefficient Heart Rate 
1 5.47 -0.090 180 
2 7.26 -0.184 189 
3 9.50 -0.436 183 
4 8.74 0.000 200 
5 9.70 -0.376 197 
6 12.29 -0.695 199 
7 7.51 0.000 194 
8 8.14 -0.286 182 
9 5.46 -0.l79 208 
10 9.50 0.000 192 
II 9.28 -0.227 , 196 
12 6.90 -0.158 185 
13 8.00 -0.389 192 
14 12.83 -0.958 183 
l5 ll.43 -0.483 212 
16 3.60 -0.030 194 
17 9.77 -0.655 190 
18 8.51 -0.315 192 
19 ll.75 0.000 200 
20 12.46 -0.309 200 
*From orthogona1 polynomial curve analyses 
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expired gas volume were therefore taken in the flow direct from the 
subject. When a gas sample had been collected in the Douglas bag a 
small sample was drawn off through small bore ( ...... 2 mm) thick wall 
Beckman gas analYSis tubing that was inserted down the Douglas bag 
sampling tube and into the bag. Using a manual pump this sample of 
gas was drawn through a self-indicating silica gel drying cell and into 
the sealed chamber of a Pauling paramagnetic oxygen analyser, Pauling 
(1946) marketed by Beckman Incorporated. The drying cell used was 
modified and reduced in volume and a fresh drying cell was used for 
each trial. This, combined with the small bore tubing, considerably 
reduced the time for a sample to be drawn from the bag into the analyser. 
Preliminary trials showed this time to be approximately 10 seconds, so 
to ensure that a true sample was obtained approximately 20 seconds of 
pumping were allowed before reading the analyser. 
Before collecting data the calibration of the analyser was checked 
by analysis of atmospheric air and by analysis of expired air in conjunc-
tion with a Haldane chemical absorption gas analyser. For the tests 
on the first ten subjects the paramagnetic analyser needed no correction. 
When further equipment of the same model was used for the second half 
of the data collection there was a constant error of -2.2 mm. Accord-
ingly a correctionftctor of this size was applied to these readings. 
Neither analyser altered appreciably in calibration during the testing 
period. They were tested frequently against atmospheric air and 
occasionally against Haldane analysis of expired air. In a preliminary 
study the results of analysing 47 bags of expired air by Haldane techni-' 
que we~e compared with results obtained 'on a D2S paramagnetic analyser. 
With sampl~ by sample reliability coefficients of 0.88 and 0.95 res-
{ 
pectively, the high correlation of 0.95 between the samples from the 
two methods agrees with later work published by Davies (1967). The 
paramagnetic analyser is an effective analyser for oxygen in expired air. 
~ 
I 
• 
, . 
The analyser works by utilising the magnetic properties of oxygen. 
Oxygen is paramagnetic in contrast to most other respiratory gases 
which are diamagnetic. The core of the apparatus is a hollow glass 
ve~sel suspended by a quartz fibre in a magnetic field exactly balancing 
the torque of the quartz fibre for a given oxygen concentration. As 
the number of molecules of oxygen around the vessel changes the magnetic 
force and rotation of the vessel change in proportion. These propor-
tional relationships are linear across the scale. Since this is 
related to molecules present, the calibration can be given directly as 
the partial pressure (mm Hg) due to oxygen. The ambient barometric 
pressure for atmospheric air was read from a Fortin's barometer and 
corrected for the expansion of mercury in a glass scale at that ambient 
temperature. All corrections of gas volume and partial pressure values 
were made with the tables edited by Diem (1962) in Documenta Geigy. 
The partial pressure of oxygen in that ambient atmospheric air was then 
obtained as 
P~ = 20.93 x the true ambient pressure 
(atmospheric)mm 100 of atmospheric air 
The partial pre~ure of oxygen '.extracted out of the inspired air was 
then calculated as 
ppO~ = PP02 - Pp02 
mm (atmospheric)mm (expired) mm 
This was expressed as a percentage of the total gas volume, 
°2F% = Pp02F mm 
~--~~~~~~~~~~~~ true ambient pressure of atmospheric air 
x 100 
The test re-test reliability coefficient for this expired air oxygen 
fraction was 0.83 • 
Expired air ventilatory volume was calculated. The volume of air 
passing through the CD4 gas meter per minute was corrected for tempera-
ture (read from the inserted thermometer), water vapour saturation and 
ambient pressure, and was expressed as expired air ventilatory volume 
/I( 
/17 . 
• per unit time at standard temperature and pressure dry VE' • 
I (STPD) 
The trial by trial reliability coefficient for this measure was 0.915. 
From the 0-;l%(STPD) and VE the expired air oxygen consumption was 
'(STPD) 
computed. 
• • VO 
E 2(STPD) - 0-;1%. (STPD) x VE (STPD) 
The reliability coefficient for VE02 was 0.916. 
These three ventilatory measures were obtained with the following 
experimental procedure. Before use the face masks were washed with 
alcohol and allowed to dry. The best fitting mask for each subject was 
chosen and with valves and tubing attached was strapped to the subject's 
face by using a helmet over the back of the head. Where the mask ran 
across the bridge of the nose and under the eyes and again under the 
chin it was also stuck into position using 1" wide plastic 'Lasso' tape. 
This prevented almost all leakage. The mask was worn throughout the 
work on the cycle ergometer. Every other minute, sixty-second samples 
of expired air were collected. During the intervening minutes gas tem-
perature, volume and fraction readings were taken and the collection bag 
was emptied. Before drawing off gas samples the bag was well kneaded 
to mix the contents. 
Between five and seven sets of readings were obtained for each sub-
ject during the CIL work task. 
to the work levels of the CIL work tasks were plotted as shown in Fig. 21, 
P /~~, and the resulting curves were analysed in the same manner as the 
heart-rate curves to provide the linear and quadratic coefficients. 
In the analyses of the responses in ventilatory volume only the linear 
coefficient was used: this was because only three subjects (2, 4 and 20) 
reached a plateau in this parameter and to have calculated quadratic 
coefficients for these three with zero values for the others could have 
introduced undue bias. Therefore, only linear rate of response and 
~ 
I 
I 
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maximum values of VE are involved in the subsequent analyses. Table 10, 
p)/9 shows the linear, limited and maximum work values for each subject 
for expired air volume, oxygen fraction and oxygen consumption responses. 
The summarised distribution of these statistics shown as means and stand-
ard deviations is contained in Table 11, p 120. 
Changes in the HYDROOEN ION CONCENTRATION OF TIlE BLOOD (cH) were 
assessed because they appeared to offer the most probable link between the 
measures of the metabolic condition and those of the attentive mental state. 
An Electronic Instruments Limited modification of the Astrup blood gas 
analyser was used in cOnjunction with a Vibron pH meter with an automatic 
thermo-regulator, to measure the pH of samples of capillary blood from 
subjects in the normal linear state and again after exhausting work. The 
pH section of this analyser is a micro-electrode system designed to give 
reliable readings with samples of ~ 0.1 ml of blood. The glass electrode 
is a capillary tube and the other half of the electrochemical cell is 
formed by a calomel reference electrode, in a NCl bridge. The voltage out-
put is amplified by an electrometer and displayed on a 7" long scale of 840 
angle, calibrated from pH 6.6 to pH 8.0 in .01 units. The electrode system 
o 
was contained in a thermo-regulated water bath mounted at 37 C, and the 
automatic thermo-regulator was set for this temperature. The system was 
calibrated before each experimental session. To calibrate the instrument 
two standard barbiturate buffers were used, 7.416: 0.005 pH and 6.840 
+ 
- 0.005 pH. The system was calibrated to buffer 7.416 and then the scale 
+ span was adjusted to 6.840 with replication on re flushing to - 0.01 pH 
following standard pH procedures. When blood analyses were being made 
intermediate calibration checks with the pH 7.416 buffer were made every 
second sample. When much adjustment was needed the system was recalibrated 
against both buffers. The electrode system was always left filled with 
0.9% aqueous saline. 
Capillary blood samples were inserted using a glass tube with pierced 
rubber bulb at one end and an amber rubber tip at the other to take the 
capillary. 
.. 
Table 10 Rates of change in normal linear and limited work states of the 
ventilatory measures, together with maximum values 
• 
. . • VE02 Subject VE :rE °2F °2
F 
°2F VE02 VE02 
Linear Max Linear Quad Max Linear Quad Max 
1 6.25 96.85 0.27 -0.040 4.272 0.24 -0.02 2.990 
2 5.22 84.40 0.62 -0.045 5.740 0.30 -0.016 4.282 
3 5.44 77.38 0.60 -0.054 5.740 0.27 -0.028 3.512 
4 4.64 77.25 0.43 -0.046 4.939 0.23 -0.016 3.004 
5 4.66 71.55 0.33 -0.045 5·073 0.27 -0.025 3.179 
6 6.92 83.56 0.13 -0.020 4.272 0.25 0.000 3.001 
7 2.83 68.73 0.57 -0.049 5.140 0.15 0.000 2.844 
8 8.55 105.48 0.66 -0.023 4.823 0.27 0.000 3.840 
9 6.11 86.55 0.13 -0.032 5.070 0.26 -0.013 3.363 
10 4.35 79.70 0.42 -0.048 5.140 0.25 -0.019 3.300 
11 5.07 72.24 0.40 -0.047 4.760 0.28 -0.017 2.940 
12 6.07 89.93 0.32 -0.043 5.090 0.34 -0.006 3.371 
13 5.63 81.59 0.35 -0.044 4.830 0.32 -0.021 3.550 
14 8.22 72.88 0.19 -0.120 4.430 0.46 -0.027 2.988 
15 7.52 89.81 0.39 -0.049 4.500 0.31 -0.008 3.502 
16 5.47 89.16 0.36 -0.029 5.420 0.31 -0.009 3.853 
17 5.55 85.55 0.42 -0.033 4.230 0.27 -0.014 3.225 
18 4.15 78.51 0.25 -0.033 4.830 0.28 -0.017 3.117 
19 4.65 82.09 0.42 -0.044 5.419 0.30 -0.020 3.114 
20 7.26 78.79 0.32 -0.058 4.594 0.37 -0.037 3.409 
. . 
Linear and Quadratic values are from orthogonal polynomial curve analysis 
r 
Table 11 Descriptive statistics of the distributions of the heart, 
lung and work measures 
-x SD n 
Maximum Work Ability (watts) 427.65 43.46 20 
-
Linear Heart Rate Coefficients 8.90 2.49 20 
Quadratic Heart Rate Coefficients -0.288 0.262 20 
Maximum Heart Rate/min 193.40 8.51 20 
Linear Oxygen Fraction Coeff. 0.379 0.150 20 
---
Quadratic Oxygen Fraction Coeff. -0.045 0.020 20 
Maximum Oxygen Fraction % 4.916 0.453 20 
-
Linear Ventilatory Volume Coeff. 5.728 1.43 20 
Maximum Ventilatory Volume 1./min 82.60 8.93 20 
Linear Oxygen Consumption Coeff. 0.287 0.061 20 
Quadratic Oxygen Consumption Coeff. -0.016 0.010 20 
Maximum Oxygen Consumption 1./min 3·319 0.364 20 
/10 
r 
121. 
Two criteria were particularly important for the blood sampling; 
it nad to be both socially acceptable and experimentally valid. When 
changes occurred in the concentration of blood hydrogen ions, a sample 
of arterial blood would have best shown this. However, such sampling 
raises serious experimental problems and social questions. But the 
sampling of capillary blood reduces much of this objection. Also, it 
appears that under good conditions for pH analysis capillary blood gives 
the same results as arterial. 
support this, stating, 
Bell, Davidson & Scarborougn (1965) 
"It is most important to know the values of pH, 
~03--1, or PC02 in arterial blood because it is 
the state of the arterial blood that is of real 
significance; the values in capillary blood, pro-
vided it has been obtained without congestion in a 
warm extremity, are identical with those in arterial 
blood." (p664) 
Because of this it was decided to take capillary blood samples from the 
ear lobe. Very few subjects experienced distress with this procedure 
although one subject before a test showed marked vasoconstriction of 
the ear and face and was probably only saved from fainting by immediately 
being set to work pedalling on the ergometer. This overall social 
success is in contrast to that reported in a personal communication by 
Professor Metz in Paris, 1968. A considerable proportion of the sub-
jects in a recent experiment he observed fainted due to the unpleasant-
ness of the arterial blood sampling. The subject's ~ar lobe was first 
well cleaned with a 50-50 alcohol-ether mixture and allowed to dry by 
evaporation. To avoid both infection and contamination by acidity 
from the sweat on the experimenter's hands,sterile surgical gloves were 
worn by the collector. The incision was made with a Steriseal dispos-
able blood lancet, the first drop of blood was discarded, and the sample 
r 
- ----------------------------
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taken in a 100 mm heparinised capillary tube. This was filled to at 
least half its length, with every effort being made to draw from the 
centre of the blood drop. It was found to be quite useless to 'scrape 
about' if the blood was not flowing freely, but rather to restart the 
blood flow with a new incision from a new lancet. All 76 ear incisions 
healed cleanly without any difficulty. After collection the samples 
of blood were normally inserted into the glass electrode within thirty 
seconds. When the voltage had stabilized the pH of the sample was 
then read from the display scale. 
Samples of blood were taken at particular periods during the work 
performance on the cycle ergometer as described in Fig. 14, plOD. At 
least two samples were taken before the subject started to pedal. Two 
more were taken after the 10 minute stabilizing work period. The 
exception to this was the one sensitive subject, where only one sample 
was taken. After the main work task, samples were taken at approximately 
45 second intervals until a plateau in the pH curve had been established. 
This involved two assays after the low point. The replicability of the 
measuring procedure was assessed. With 65 repeated measures across the 
range of pH recorded a reliability coefficient of 0.95 was obtained. 
However from trial-to-trial the reliability coefficient for the lowest 
pH recorded for each subject was 0.55. This was very low. To reduce 
the size of this error a mean low score was calculated for each trial 
of each subject by averaging the lowest value with the values of the 
next two assays made, i.e. those establishing that a plateau had been 
reached. This improved the trial by trial reliability coefficient to 
0.80. It may be questioned how much this procedure distorted the 
validity of the lowest pH score. Undoubtedly it would have been pre-
ferable to use the 'true' lowest score, if the degree of variability 
unaccounted for had not been so high. The valid use of the mean score 
depends on the degree of communality in the rate of return to normal pH 
values. Good data on this function in the well trained athletic per-
former working to exhaustion does not appear to be available. Inspec-
tion of the present data did not reveal variability in this rate of 
change that could not be attributed to measuring error. lhat these 
mean scores are a good representation of the lowest scores was also 
demonstrated statistically by intercorrelating the two statistics, the 
true low and the mean value for each of the subjects. The correlation 
between the two was 0.88, which can be corrected for attenuation due to 
the unreliability of the measure by applying the formula 
thus:-
T = y 
l' 
xy 
/1'= ryy 
as described by Ferguson (1959) p285 
0.88 
/0.55 x 0.80 
0.88 
D.iib3 
>1 
It can thus be seen that the relationship between the two pH scores was 
virtually one to one. But the relationship of the mean low pH scores 
with the scores for any other variable can be expected to be higher 
than that which would occur using the raw score because the error incip-
12.3. 
ient in the latter would tend to reduce the degree of any 'true' relation-
ship. 
When a subject made two trials on a psychophysical variable the 
better score was taken as the appropriate measure for comparison with 
the other variables. In this way the error due to the difficulty of 
measuring was further reduced. Table 12, p12~ shows the mean lowest 
pH for each subject. The mean and standard deviation of these scores 
are shown in Table 13, p /~4, as it - 7.20, SD = 0.05. This compares 
~ ............ ------------------- -----------------------------------------
r 
Table 12 Peak hydrogen ion concentrations (cH) and pH values after 
exercise _ 
Subject pH pH at 108 log transform cH g iOns/l. 
2 7.193 8.0 - 0.8ar 8 log 10 - log 6.412 6.412 x 10-8 
3 7.Cf)7 8.0 - 0.903 8 log 10 - log 7.998 8 -8 7.99 x 10 
4 7.253 8.0 - 0.747 8 log 10 - log 5.585 5.585 x 10 -8 
5 7.180 8.0 - 0.820 8 log 10 - log 6.607 6.&:17 x 10 -8 
6 7.145 8.0 - 0.855 ' 8 log 10 - log 7.161 7.161 x 10 -8 
7 7.265 8.0 - 0.775 8 log 10 - log 5.957 -8 5.957 x 10 
9 7.218 8.0 - 0.782 8 log 10 - log 6.053 6.053 x 10 -8 
10 7.233 8.0 - 0.767 8 log 10 - log 5.848 5.848 x 10 -8 
11 7.220 8.0 - 0.780 8 log 10 - log 6.026 6 -8 6.02 x 10 
12 7.2ar 8.0 - 0.793 8 log 10 - log 6.2Cf) 6.2Cf) x 10 -8 
13 7.177 8.0 - 0.823 8 log 10 - log 6.653 6.653 x 10 -8 
14 7.295 8.0 - 0.705 8 log 10 - log 5.070 5.070 x 10 -8 
15 7.265 8.0 - 0.735 8 log 10 - log 5.433 4 -8 5. 33 x 10 
16 7.108 8.0 - 0.892 8 log 10 - log 7.798 ' -8 7.798 x 10 
17 7.228 8.0 - 0.772 8 log 10 - log 5.916 5.916 x 10 -8 
18 7.158 8.0 - 0.842 8 log 10 - log 6.950 6.950 x 10 -8 
19 7.213 8.0 - 0.787 8 log 10 - log 6.124 6.124 x 10 -8 
20 7.200 8.0 - 0.800 8 log 10 - log 6.310 6 -8 .310 x 10 
12~. 
with the descriptive statistics for the lowest pH scores of x 37.16, 
SD = 0.06. 
The measurement of TOIERANCE FOR NOCICEPrION presents problems. 
/2S 
Without great care gross error results, as reported earlier when review-
ing the data of Park (1962). For the two tolerance tests in the present 
research a separ~te cubicle 2.5m x 1.75m x 2.25m in size was built. 
It had no window, one light source and was painted a blue colour over-
all. Only the subject and the experimenter were in the laboratory 
during the tolerance and attention tests and, to avoid disturbances, 
'Experiment in Progress' cards were displayed on the external doors of 
the laboratory. All the tests were conducted by the single experimenter. 
As tests were made in the evenings there was very little external noise. 
In an effort to limit further bias that might be caused by the experi-
menter, there was a minimum of communication between tester and testee, 
apart from the giving of sets of typed instructions to the subject. 
The subject being tested was not asked to rate the nociception, except 
to state when it became intolerable. The stimulus was then removed 
as quickly as possible. 
In the measurement of TOLERANCE FOR THE NOCICEPTION OF ISCHA]M!C 
WORK the traditional test involved opening and shutting the hand as 
rapidly as possible for as long as possible while the arterial blood 
flow~s occluded with a pressure cuff on the arm. The following pro-
cedure was used as a standardized method and was characterised by its 
replicability. Fig. 21, p/26 illustrates the low load finger ergometer 
that was constructed by the experimenter. In time to a metronome, 
every 0.66 sec, the third finger of the dominant hand, exerted !pproximately 
40 mm Hg pressure upon a small bag of air initially compressed to 40 mm Hg. 
The pressure exerted on each repetition was displayed to the subject on 
a pressure dial at the end of the ergometer boards. The rest of the 
ergometer merely acted to restrict the work performance to the flexor 
\ , 
• 
F 
occlusion cuff, bulb and pressure gauge 
load and control gauge 
the noxious ischaemic work test from a slide presented at the 
Sports Medicine meeting at Loughborough 1967 by Brooke et al) 
Bull . B. A. S.M. , 3, 1:26 
, 
1-
" 
IJ.. 7 
digitorum and later in the work task to the extensor digitorum of the 
third finger (D3). 
Before the subject entered the cubicle the ergometer board was 
clamped to the table edge on the side of the subject's dominant hand and 
the position and height of the subject's stool were standardized to the 
table edge and to the elbow rest of the finger ergometer. The stopwatch 
and the metronome were fully wound and the bag of air was inflated to 
40 mm Hg. When the subject entered he was seated centrally on the stool 
facing the end wall of the cubicle. He was given the 'First Instructions 
for Subjects' sheet which explained the experiment and what he had to do. 
Copies of the two sets of instructions for this test and the two sets 
for the pressure tolerance test are contained in the Appendix A, pOl'fa. 
When the instruction sheet was returned the procedure was demonstrated 
with 10 repetitions of the finger squeeze on the bag in time to the 
metronome. Following this the subject's 'working' hand was bound into 
position with 1" wide black plastic 'Lasso' tape. The hand position 
is shown in Fig. 22, p la'J • While the third finger was left free, the 
other fingers and thumb were strapped down firmly. The subject's lower 
arm was rested on the ergometer board and a sphygmomanometer cuff 
attached to the upper arm. A cuff with a 'Velcro' fastener was used, 
which removed the unevenness that can occur with a traditional 'tuck-in' 
, , 
free end. The subject's straight arm was then raised vertical above 
his head, to avoid gorging the occluded limb with blood. After a short 
pause the cuff was inflated to 250 mm Hg. pressure and the arm was 
lowered into position on the ergometer board as shown in Fig. 22. The 
cuff was maintained at about 250 mm Hg pressure throughout the rest of 
the test. The subject's elbow was set at the base of the elbow rest 
and the hand sup L-nated. The forearm and the hand were strapped down 
using Velcro belts, the finger bag was placed into position, the second 
'set of instructions were given and the metronome started. After the 
Fig . 22 A subject in position in the finger ergometer (from a slide presented at the British ARsociation of Spor ts 
Medicine meeting at Loughborough 1967 by Brooke et all 
Bull. B. A. S.M., 3 , 1 : 26 
instructions had been returned the subject started when he was ready. 
With the first repetition the stopwatch was started. On the final one 
it was stopped. The occluding cuff was released and the subject's 
hand was freed with suitable comments. The work time was recorded as 
the measure of tolerance for this ischaemic nociception, (IT). 
Two particular controls were implicit in the instructions to the 
subjects. Firstly, by asking him to say 'squeeze' at each click of 
the metronome the possibility of him counting the number of repetitions 
and thus confounding any reliability estimates was much reduced. 
Secondly, he was also told: 
"As you get tired you may not be able to reach 80 or 
-' 
you may not be able to keep in time. Keep squeezing, 
try to keep in time to the clicks and try to get as 
close as possible to 80. Do not stop until it becomes 
too painful to do any more repetitions." 
This ensured that the subject stopped because of the intensity of the 
nociception and not because his skill ability was deteriorating. 
The first pilot study used a sample of convenient subjects passing 
through the laboratory in the Loughborough Department of Ergonomics, 
and testing was done in the open laboratory. The comparison of two 
trials on 12 subjects gave a reliability coefficient of 0.62). The 
experimental procedure was improved and a second pilot study reported 
by Brooke, Cooper, Hamley & Saville (1967), involving electromyographical 
analyses of the flexor and extensor digitorum muscles showed an improved 
replicability with a trial-by-trial coefficient of 0.77. The subjects 
of this pilot study were physical education students and the means and 
standard deviations for the two trials were t l , x = 184.4, SD - 59.1, 
t 2, x = 220.4, SD = 86.6. The testing for the present study was carried 
out at Salford University where the laboratory was under the strict con-
trol of the experimenter and the additional protection of the cubicle 
controlled external interference. Here the trial-by-trial reliability 
coefficient was 0.91. The higher score for each of the 19 subjects is 
shown as 'IT' in Table rr, pIS', and Table 13, p/'l'/- summarises the dis-
tribution of these scores, showing a mean of 225 sec, SD 75 sec. 
TOLERANCE FOR PRESSURE PAIN was first tested with apparatus con-
structed as a modification of that described by Poser (1962). Ninety 
8 mm steel spikes were set in three perspex plates sewn into a sphygmo-
manometer cuff. The cuff was applied to the upper arm, with the plates 
against the medial aspect, and then inflated at a constant flow rate 
until the pain became intolerable. Tested on a preliminary sample of 
sixty physical education students, the apparatus was not successful 
(Brooke 1967), 75% of the sample withstanding the 300 mm Hg maximum 
! 
, 
pressure that could be applied. At this pressure the spikes lacerated 
the skin and the amount of tissue damage coupled with the inability to 
reach maximum tolerance levels resulted in abandoning this modification 
for the present study. Ryan & Kovac (196') described another modifica-
tion of the technique where the pressure was applied through an American 
football cleat on to a point on the anterior surface of the tibia. A 
similar piece of apparatus was constructed for the present study. 
Fig. 23, p'~1 shows the 5 mm long projection, set into a curved alloy 
plate. This assembly was sewn into a sphygmomanometer cuff and connected 
to a compressed air source. A standard anaesthetic oxygen flow meter 
was inserted to maintain a constant flow through the compressed air line. 
In a pilot test carried out with a wooden block inside the cuff and a 
flow rate approximating 1.7 litres per minute, seven trials were made 
of the time taken for the pressure in the cuff to reach 200 mm Hg. The 
average time was 42.04 seconds, SD 0.52. 
Before starting an experimental session with this apparatus the 
flow rate was standardized to 1.7 litres per minute so that 200 mm of 
I ?J I 
Fig . 23 The tibi a plate for pressure tolerance 
pressure on the wooden block was reached in 42 seconds, ~ 1 second. 
The basic controls for tolerance testing have been described above. 
For this test the subject was seated on a chair facing the back wall of 
the cubicle. His preferred leg rested on two other chairs in front of 
him, with the back of one of the chairs holding the foot up. The first 
set of instructions (see Appendix A, p~~~) were given to the subject. 
When these were returned the pressure bolt and plate were placed in the 
centre of the anterior surface of the tibia with the distal edge of the 
Velcro sphygmomanometer cuff touching the projecting part of the medial 
malleolus. The cuff was wrapped around the lower leg and held in 
position by a turn of plastic tape about the distal edge. The second 
set of instructions were then given to the subject. When these were 
returned a check was made that the release valve was open and a time of 
twenty seconds was taken to stabilize the gas flow at the correct rate. 
At the end of this time the release valve was Closed, air started to 
flow into the cuff and the stopwatch was started. The flow rate was 
kept constant by gradually opening the pressure valve. When the subject 
said 'stop' because the pressure was intolerable, the release valve 
was opened immediately and the watch stopped. The time that the increas-
ing pressure was tolerated was recorded as 'pressure tolerance ability', 
(Pr) • 
The trial-by-trial reliability coefficient for this measure was 
0.96. When the individual best scores, shown as 'Pr' in Table 17, Pi.' 
are inspected it can be seen that 3CJ% reached the maximum pressure of 
360 mm Hg. This was a deficiency in the measure. It limits the pos-
sibility of demonstrating significant relationships with other measures 
because it does not differentiate between those subjects with the most 
tolerance. This Is a problem that has recurred while trying to use 
intolerable mechanical pressure as an experimental tool to assess the 
athletic performer's tolerance for nociception. Again in this final 
stage of the study the ethical problem and the statistical problem 
met in opposition. After a pressure of 300 mm Hg has been applied to 
the tibia in this manner. there is marked indentation of the tissues. 
It is not considered morally feasible to increase this pressure to meet 
the demands of good experimental design. Upon the experience of the 
last three years it is proposed that mechanical pressure that is 
acceptable ethically is inadequate to differentiate between sportsmen 
such as those of the present sample. Table 13. p/~~ shows that the 
mean score was 73 sec. SD 36 sec. 
The first test of CHANGES IN TIlE ATl'ENTION OF SUBJECTS DURING 'IHE 
CYCLE ERGOMETER TASK was the change in initial threshold to a monotone. 
i.e. change in the lowest intensity of sound perceived. (ST). The 
other test was the time for the perception of a change in the pressure 
of a sphygmomanometer cuff and pressure plate attached to the ankle in 
the same way as that used for the pressure tolerance test. This second 
attention test is called 'just-noticeable-difference' in pressure (JND). 
as it is a further application of a traditional psychophysical test. 
When these tests of attention were made. the basic procedure for test-
ing the physical work variables was used except that no verbal control 
of the pedalling rate could be applied by the experimenter. To have 
given such instructions would have altered the attention of the subjects. 
The control of the environment was maintained. with only the subject 
and single experimenter in the laboratory during tests. In the experi-
mental sessions the attention tests were always preceded by tolerance 
tests as described in Fig. 14. plOO • After the tests of tolerance 
, 
the subject did not mount the cycle to start the test of attention until 
at least 10 minutes had elapsed. This ensured that he had recovered 
from the distress. The preparation for the attention tests began when 
he no longer felt pain or distress. 
Much of the basic method was common to the two tests. The parti-
IW 
cular stimulus was first presented several times so that the subject 
could become familiar with responding to it. In each case the response 
was through a small cycle bell attached to the handlebars in close prox-
imity to the right thumb. When a signal was perceived the bell was rung. 
The first time that the stimuli of low level sounds or of pressure 
changes were presented to the subject, he was sat, without pedalling, 
on the cycle ergometer. Three of these 'training' responses were 
obtained. The subject then started the low work load ride of the pre-
paratory period and three more training responses were obtained. None 
of these early responses were used to assess changes in attention on the 
work task. They were for teaching purposes. The subject was then 
stopped. He was asked whether he understood what to respond to. He 
was then told, 
''From now on, don't concentrate on the sounds (or 
cuff), concentrate on the job of work. Your job 
is to ride the bike as far as you possibly can. 
Concentrate on turning out the work. 
(feel) a signal then respond to it." 
If you hear 
The rest of the preparatory ride then took place followed by the usual 
one minute rest. During the main work ride stimuli were presented 
twice, once after 30% of the total work time had elapsed and once with 
2.5% of the work time left, as shown in Fig. 14, p/OO. These times 
were intended to allow assessment in the first instance during the nor-
mal linear work states of the physiological variables and in the second 
instance as close as possible to exhaustion at the end of the limited 
work states. The specific times were calculated from the work per-
formances achieved by the subjects in earlier tests. The differences 
(~ between the responses in the two states were the measures of the 
change in attention in the two conditions. Throughout this testing 
neither the apparatus (except for the ankle cuff) nor the experimenter 
were visible to the subject. Thus he had no forewarning of the signals. 
Two problems of method were common to both the tests. It was very 
difficult to accurately assess when the time for 97.5% of the total work 
time was reached for a particular trial. The subjects varied in abil-
ity from day to day. Allowing approximately 20-30 seconds to elapse 
from the point of testing to cessation was adequate to allow all sub-
jects to be tested, although in two trials a further test was necessary 
because the subject stopped while the measure· was being taken. A fur-
ther problem was the random fluctuations in attention that must occur 
in a work task lasting 25 minutes. If the subject's attention by 
chance was directed at the stimulus source as the stimuli were being 
presented a biased result would occur. 
is available about this. 
Unfortunately no information 
For THE TEST OF INITIAL THRESHOLD TO A MONOTONE a pair of standard 
rubber disc audiology earphones were adjusted so that they could be 
placed over the subject's ears. The earphones were held in place by 
a metal spring over the head. In addition, an open canvas web helmet 
was used over the top of the head with a strap to secure the helmet 
underneath the chin. The strap was fastened tightly enough to secure 
the helmet, yet not so tight that it restricted the freedom of the man-
dible or larynx. The wires from the earphones were attached to the 
subject's back with plastic tape and then plugged in to a standard 
clinical audiometer (Kamplex, type TA15). With this equipment the loss 
of initial hearing over a base of normal zero decibel loss could be 
assessed in intervals of 5 decibels. The manual control that allowed 
Signals of various frequencies, amplitude and time duration was used. 
A monotone of a frequency of 4000 c/s was used as the stimulus. 
The ergometer produced noises and for the stimulus it was necessary to 
select a frequency that interacted least with these noises. In a pilot 
run with six subjects, 'aberrations' had occurred when using a tone of 
-- -- - ---------------c-:-:---
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1000 c/s; subjects responded to the cycle noises, confusing them with 
the stimuli. One subject made more than 25 erroneous responses in one 
trial. In a second pilot run, a series of nine frequencies from 125 
to 8000 c/s were tried in 83 tests of initial sound threshold for two 
subjects working on the cycle ergometer at 90 rpm and 100 watts. 
Fig. 24, pl~7 shows the mean initial sound thresholds to stimuli at the 
different frequencies in what may be considered to be the standard aural 
environment of the noise from the ergometer. The lowest mean threshold 
occurred at 4000 c/s and when tested against the amplitude of the thres-
hold at 500 c/s and 1000 c/s a significant difference between the fre-
quencies was found, with a 't' statistic for the differences between the 
group means of 5.182 (p .(.001). In a subsequent pilot run with four 
of the original six. subjects receiving stimuli at a frequency of 4000 c/s, 
very few aberrations occurred and the subjects felt that it was less 
difficult to perceive the sounds. Although the subjects were of course 
better trained at this stage, 4000 c/s was actually a clearer sound, , 
_fur only 10 aberrations from five subjects occurred in 208 presentations 
during the final experiment. In this final study using a frequency of 
4000 c/s, each amplitude of the stimulUS was presented twice at a parti-
cular decibel level before increasing to a louder tone. fue subjects 
were informed that two stimuli were to be presented at each level. 
Tones were transmitted to the right ear of the subject for one second, 
followed by two seconds with no tone. In the presentations used for 
training the subject, the amplitude increased from 0 decibels. For 
the presentations during the work task the stimulus was first presented 
at an amplitude 5 decibels below the initial threshold recorded for that 
subject pedalling during the training trials. This reduced the time 
for testing - an important matter in the presentation close to exhaustion. 
For each subject a measurement of the initial threshold for sound was 
made in the normal linear state with 30% of the work time gone. A 
--~~------------------'-----------------~r~------------------r~----
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second measurement was made with 2.5% of the work time left, near the 
end of the limited state. Fig. 25, p'~1 shows the two results for each 
subject. The difference between the two was taken as a measure of the 
change in attention to low level sound, ~ST, between the two states. 
The reliability coefficient for the variability from presentation to 
presentation in the normal linear state in one trial was 0.89 (n = 41). 
The trial-by-trial reliability coefficient for ~T was 0.84. The 
individual scores would be more reliable than this, being the betterfrom 
two trials. They are shown in Table 17, pIS" and the mean of 6.8 db, 
SD 6.2 for the ~T scores are shown in Table 1;;, p/'f'f. 
There was an additional methodological worry with this test. As 
the subject worked in the limited state a high volume of air rapidly 
passed the end of the eustachian tube due to the increased ventilatory 
volume. It is possible that this could have affected the initial sound 
threshold and that such an error might not be constant. To assess 
whether the level of a subject's ~T was in proportion to the level of 
VE' max' the two measures were correlated. The coefficient of +0.440 
was not significant at the 5% level of probability. It did approach 
close to significance at that level, which suggests that there may be 
some common true variance. However, if tests on further subjects still 
revealed this coefficient, so that eventually it became significant at 
this level of probability, only 19.5% of the variance would be common 
to both measures. It can be concluded that the actual quantity of the 
• v.E was probably not producing a significant bias in the~T scores. max 
THE 'lEST OF JUST-NOTICEABLE-DlFFERENCE IN PRESSURE CHANGE (JND) 
employed the same apparatus as the test of pressure tolerance. A few 
subjects were indeed tested in a pilot run to see whether that toler-
ance test might be applicable during the work test but the distraction 
and performance of the work resulted in most subjects tolerating the 
- maximum pressure stimulus available from the apparatus. For the JND 
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/'fa 
test the basic procedure was the same as for the sound threshold test. 
For this pressure change test the subject first sat upright on the cycle 
ergometer with the right leg extended to its fullest cyqling range and 
the heel dropped as low as was possible. The pressure plate and 
sphygmomanometer cuff were attached to the lower leg. The distal end 
of the cuff was placed just above the protuberance of the medial 
malleolus with the head of the pressure plate central on the anterior 
surface of the tibia. The distal end of the cuff was also lightly 
taped to the ankle. The pressure tubing from the cuff was very well 
taped to the right lumbar back above the crest of the ileum and then 
led to the flow meter and pressure cylinder. It was necessary to 
attach the tubing very carefully with plastic tape as the extensive 
sweating of the subjects caused it to break-away in the pilot study. 
Also. as a result of this pilot study the tubing was not secured at 
the knee. for to do this successfully caused restriction of movement 
which both distracted the subject and inhibited good work performance. 
The gas floww>s precalibrated as before to exert 200 mm Hg pressure on 
a wooden block in 42 seconds ± 1 second. The stopwatch used to time 
the subject's response from starting the flow to ringing the bell. had 
a three second sweep allowing readings to 0.01 seconds. It was calibrated 
by a specialist chronograph repairer before the first half of the tests 
I 
,"-
and was similarly checked before the second half. There was no demon-
strable loss in accuracy. 
At 3CYf, and 97.5% of the total time for work. the measures of JND 
were taken. No preparatory signals were given and the apparatus and 
experimenter were out of the subject's field of vision. Initially 
there was no pressure applied to the cuff from the compressed air. As 
the gas flow into the cuff was started the stopwatch was also started. 
When the subject signalled with the bell. the watch was stopped and the 
time recorded. This time taken was the JND time. It never resulted 
14-1 
;/1 ~he /10rf'1a.l tinea.r $ta.te. 
in the cuff pressure being more than 25 mm Hg/ The difference between 
the scores for JND in the normal linear and in the limited work states 
was the change in just-noticeable-difference in pressure (~). lbese 
two JND scores for each subject are shown on the histogram in Fig. 26, 
pItH.. • To estimate the replicability of generating the pressure stimulus 
and receiving a response, comparisons were made of the time for the 
second and third responses in the training trials. This measure by 
measure reliability coefficient was 0.97. The coefficient for t:}ND 
from trials two days apart was 0.66. lbe replicability of the individual 
fiJND scores shown in Table 17, pI" is higher than this for they are the 
better scores from two trials. Table 13, P IIf4- shows the group mean 
~JND score of 7.6 sec, 3D 5.6. 
During the physical work performance it is most difficult to obtain 
a test of attention that is unaffected by skeletal movement or nondescript 
phenomena such as the subject gasping for air, shutting his eyes, sweat-
ing copiously, rolling about on the saddle and failing simple skills 
because of the impaired states of the skeletal musculature. To insert 
a sensory stimulus and receive a response that has changed in a manner 
that cannot be accounted for by these phenomena is difficult, particu-
larly when the use of rating scales would invalidate the investigation. 
The two methods that have been described were chosen because they 
appeared, from the pilot experiments, to be most likely to succeed. 
ElCTRAVERSION AND NEUROTICISM PERSONALITY FACTORS were measured with 
Form A of the Eysenck Personality Inventory (1964). This is a 57 item 
questionnaire assessment of the way in which the subject thinks he 
behaves in a number of normal life situations. It is susceptible to 
bias due to false answers. These may result from attempts to conform 
to certain perceived or actual standards of behaviour and so the strict 
control of the testing environment was maintained so that subjects could 
fill in the questionnaire with the minimum of social pressure. They 
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were also instructed that there were no right or wrong answers. that 
they should just answer each question truthfully and that privacy would 
be observed with regard to their answers. The questionnaire itself 
has an additional L scale built into it to attempt to identify subjects 
Who are attempting to answer so that their prestige is increased. The 
truthful answers to such questions as: 
or 
or 
'Are all your habits good and desirable ones?" 
'Do you sometimes talk about things you know nothing about?' 
'If you say you will do something do you always keep your 
promise. no matter how inconvenient it might be to do so?' 
are expected to be 'No'. 'Yes'. 'No' respectively. A mean score of rv 3 
on this nine item L scale is expected. Scores of 5 and over are indica-
tive of bias. Unfortunately this L scale comes close to an 'expectation 
of success' scale. In the group of 18 subjects tested. three scored 5 
on the L scale and one scored 6. Their data was included. 
Of the 57 items in Form A of the EPI. 24 assess the factor of extra-
version and 24 that of neuroticism. The Yes/No answers are scored on 
a one:zero basis for each appropriate item. with the total score being 
summed to obtain the extraversion and neuroticism scores for each subject. 
A test-retest coefficient of 0.85 is reported for the replicability of 
this test. Eysenck (1964). 
The group means and standard deviations for the two factors are 
shown in Table 13. p'~. It has often been found thatdnletic per-
formers are significantly more extraverted than the normal population. 
Because of this a test was made of the significance of the deviations 
of the present group mean scores from the mean scores for the normal 
population that is described by Eysenck (1964). The statistics for 
extraversion were for the sample. x a 10.6. s - 5.5. and for the popu-
Table 13 Descriptive statistics of the distributions of scores 
from measures of the attentive state 
Measure Mean Standard Deviation (x) (SD) 
. . 
pH (x) low 7.20 0.05 
. 
-
- -8 :/ cH x low x 10 g ions 1. 6.34 0.764 
Ischaemic Tolerance (sec) 225.73 74.66 
. 
log Ischaemic Tolerance 
(sec) 2.33 0.14 
. 
. 
Pressure Tolerance (sec) 72.68 35.96 
. 
6. JND (sec) 7.62 5.59 
. 
log ~ JND (sec) 0.753 0.386 
. 
6. Sound lhreshold (db) 6.67 6.18 
. 
Extraversion 10.61 5.54 
Neuroticism 11.39 4.24 
[ifS 
lation, I" - 12·07, ($ - 4.37; for neuroticism the figures were for the 
sample, x - 11.4, s - 4.2 and for the population, I" - 10.52, 6 - 4.71. 
Applying a standard u statistic, u scores of 1.428 for the extraversion 
sample mean and 0.793 for the neuroticism sample mean were obtained. 
At the 5% level these are not significant deviations; the mean scores 
on the two personality factors of this group of eighteen racing cyclists 
cannot be differentiated from the mean scores that might be expected to 
occur if a sample of this size were randomly drawn from the normal pop-
ulation. The trend of the data on extraversion is in the opposite 
direction to that predicted; the sample is more introverted than the 
normal population, not more extraverted. If this difference were main-
tained it would require approximately 36 subjects to demonstrate its 
significance. 
Some of the common patterns of response of the subjects can now 
be identified. Fig. 27, p/¥~ shows the typical physiological changes 
that result from a linearly increasing work load. From the beginning 
of work at a low load, after the initial responses are passed, a very 
significant linear function is apparent in the measures that have been 
studied. Fairly quickly for the oxygen fraction and later for the 
J 
other variables curvature is seen. There is thus a time when all the 
functions have the capacity to continue to make adequate response to 
the increasing work load but it is soon passed. Disequilibrium first 
appears in the oxygen fraction which reaches a maximum and then starts 
to fall. Similar courses are frequently followed by the oxygen uptake 
although the maximum Value is usually displaced forward in time. In 
Fig. 27, pi'/-(, most of the curve of the ventilatory volume and of the 
heart-rate responses shown are also typical. However, one unusual 
feature that this subject does show is an 'end spurt' on three of the 
four measures at the final assessment with exhaustion imminent. The 
data at present collected is inadequate to investigate this satisfactorily. 
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Each subject shows individual variability when graphs such as 
Fig. 27. p14' are plotted. Because of this. measures of these character-
istic patterns of response of all the subjeots have been reduced to des-
criptive statistics. Eaoh subjeot at a certain work level moved into 
the limited work state for a particular variable • This point for eaoh 
variable on each subject has been expressed as a percentage of the sub-
jeot's total work range on that trial. In each case the point at Whioh 
the maximum oxygen fraction. the maximum oxygen oonsumption and the 
ourvilinear heart-rate state began has been calculated and denoted by 
The percentages obtained 
for each physiological variable are listed in Table 14. p/¥8 • ordered 
. in magnitude. This table shows When the limited state occurred in the 
work performance. The mean. median and standard deviation for each of 
the statistics are also shown. The figures confirm the typical nature 
of the responses shown in Fig. 27. p/~6 and discussed above. The oxy-
gen fraction is the first of the variables to reaoh a maximum value. 
This oocurs after approximately 50% of the range of work levels has been 
oovered. Later in the work. with. on average. 90% of the range complete. 
a maximum value is reached in the oonsumption of oxygen. While there 
is a distribution of the data about these average values. the incidence 
of the maximum is clearly differentiated between the two functions. 
In contrast. the onset of the quadratic funotion in the heart-rate ourve 
is more variable. The average value for the percentage of the work 
range at which this latter change occurs is approximately 70%. This 
is between the average values for the fraotion of oxygen and the oxygen 
oonsumption. The standard deviation of 16% shows that these values 
for the point of break-away of the heart-rate from its linear function 
can normally be expected when anything from 40 to 100% of the range of 
work levels are completed. The modes of 50% for 02Fm and 100% for 
,VE02
m are also meaningful statistios. for a large proportion of subjects 
- -- - -- - - ----------------
c 
I~ 
Table 14 The percentage of individual total work range at which each 
subject attained (a) maximum oxygen fraction (b) maximum 
oxygen consumption_and (c) the onset of the limited 
heart-rate state 
Oim'/M 2 HR onset%W m VE02 % 
38 42 64 
42 50 78 
42 54 80 
42 55 83 
43 57 83 
43 62 83 
44 62 83 
50 67 84 
50 70 i = 72.5 86 
50 75 SD = 16.2 86 
median med 
50 77 87 x - 89.98 
50 79 100 3D - 10.4 
5C; 79 100 
50 i - 52.26 80 100 
57 3D - 12.0 83 100 
57 83 100 
58 92 100 
71 92 100 
75 94 100 
83 100 100 
~: The data is ordered. It is not set out in rows for each subject. 
The interrelationship of these levels is shown in Table 15. p 
----------------------------------------~~------
1'+1 
showed this level of change in response. It should be noted that the 
point of onset of limited response in the oxygen fraction and the oxygen 
consumption has been replaced by the maximum values. This was because 
the statistical tools to define the former points were not powerful and 
straightforward inspection of the data too often resulted in decisions 
that were difficult to make, with large errors possible. In comparison 
the first occurrence of the maximum value could be accurately stated. 
The heart-rate did not present this problem, for with double the number 
of work points it was sound to use the curve fitting with statistical 
testing for the onset of curvilinearity. 
While delimiting the work ranges for homeostatic and imbalanced 
conditions in the physiological variables, it is of interest to see how 
these bounds interrelate, e.g. what is the relationship of an early 
onset of the maximum oxygen fraction to the work point at which curvi-
linearity appears in the heart-rate? Table ,15, p I SO shows the inter-
correlation of these proportions of the work ranges. It can be seen 
that the point in the work at which the maximum oxygen fraction is 
reached is positively related to the point in the work at which the 
maximum oxygen consumption is reached. A similar relationship exists 
between the maximum oxygen consumption and the curvilineari ty in the 
heart-rate - work line. However, the correlation between these 
characteristics for the maximum oxygen fraction and the heart-rate 
curvilinearity is not significant at the 5% level of probability. 
This completes the simple description of the data. Further infor-
mation from this data will be described in the next section on the multi-
variate procedures. However, one further matter remains to be discussed; 
transformations were made to the scores from some of the Variables. 
The measures of the pH of the blood, the negative logarithm of the 
concentration of the hydrogen ions, were transformed into cH, the actual 
concentration in g ions per litre. When the pH range 1s that for human 
I~O 
Table 15 Intercorrelation of the percentages of individual work range 
at which maximum responses in oxygen fraction and 
2 HR onset%W 
oxygen consumption and limited responses in heart-rate 
started 
2 HR onset%W 
0.432 (p .$.06) 0.288 (p So.lO) 
0.455 (p~.05) 
r' 
(n - 20) 
Furusawa &: 
blood, this transformation is a procedure 'recommended by/Hill (1924) 
and Green (1968), and is discussed by Bell et al (1965). The numerical 
range is made much broader by using the cH, thus facilitating both com-
parisons between subjects on the variable and also the investigation 
of relationships with other variables. The transformations of these 
measures is shown in Table 12, p/~4 • 
With these new cH scores the correlation with the work ability was 
I~I 
higher th~ that for the original pH with work ability (0.443 vs 0.393Jn=17). 
However the simple correlations of cH with a number of other variables 
reduced. It was questioned how much this was due to the differences 
in the shape of the distributions of the scores. These distributions 
for work ability, pH and cH are shown in Fig. 28, p/)a • Inspection 
of the distribution of the other variables revealed negatively skewed 
distributions for ~ND and IT as illustrated in Fig. 29, p/r3. Guid-
ance was sort from the statistics textbooks. An empirical approach 
was suggested. It was frequently stated, i.e. Dixon et al (1957) and 
Bennet et ,al (1954) that tests of non-normality are not feasible with 
samples as small as 10 or 20. Sir Ronald Fisher states (1958), 
I~epartures from normal form, unless very strongly marked, can only be 
detected in large samples." (p52) It is necessary to utilize exper-
ience and knowledge of the source of the data to select a suitable trans-
formation. Returning to study distributions such as those in Fig. 29'f1f3 
it was proposed that the negative skewness results from truncating the 
" , 
normal distributions. Due to the fact that the subjects are all com-, 
pe tent physical performers, it is feasible that the usual higher than 
average scores on measures such as those studied are found, as are the 
average scores but that the poor scores do not occur, for they would be 
the attributes of the non-performers. However, the work ability score 
may be expected to be closer to a normal distribution, for it is the 
J 
result of the interplay of a number of variables and such scores, by 
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The d1stributions of the raw and log transformed ~ JND and Ischa~m1c Tol0r~nce 
scores 
the Central Limit Theorum, tend to normality in distribution even though 
the distributions of the original variables are not linear. Because 
of this skewness, log transformations were made to the scores of~ND 
and Ischaemic TOlerance. The new distributions are shown in Fig. 29, 
pIS?> • The new 1', correlatiuns'.~, are shown in Table 16, p/S5. The 
correlations with the hydrogen ion concentration of the blood were res-
tored back close to the original values and the correlations with the 
work variable increased. The other variables that altered in correla-
tion with the change from pH to cH were not transformed. The remaining 
tolerance measure was badly positively skewed and the remaining atten-
tion measure'was distributed almost rectilinearly and it was felt that , 
little could be done to improve these states. As with the three other 
• m 2 • m 
variables involved, the VE- ,02F and VE02 ' there was no direct empiri-
cal rationale for treating the scores and the appropriate guidance from 
the statistical texts was to leave them as raw scores. This was done. 
In summary, three sets of scores were transformed. The pH was 
changed to cH, and the ilHID and Ischaemic Tolerance scores were changed 
to log liND and log IT scores. 
155 
Table 16 A comparison of the relationship of the raw and log trans-
formed cClJND and _Isch.Tol. scores with pH. cH and work 
raw b. JND log b. JND 
pH -0.420 
cH 0.394 0.454 
w 0.514 0.579 
raw Isch. Tel. log Isch. Tel. 
pH -0.248 
cH 0.208 0.234 
w 0.350 0.424 
, f 
, 
• 1 • m 0-;11 0-;12 o Fm • 1 V0 2 • m HRl HR2 HRm cH ~ST c.1.JN!> 10:1 IT E! Sub- VE VE 2 VE02 E2 VE02 PT N W ject 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
1 6.25 96.85 0.27 -0.04 4.272 0.24 -0.02 2.990 5.47 -0.090 180 - - - - - - - 389 
2 5.22 84.40 0.62 -0.045 5.740 0.30 -0.016 4.282 7.26 -0.184 189 6.412 10 1.3139 42 2.2541 13 13 49( 
3 5.44 77.38 0.60 -0.054 5.740 0.27 -0.028 3.512 9.50 -0.436 183 7.998 5 1.0472 49 2.184 2 15 46E 
4 4.64 77.25 0.43 -0.046 4.939 0.23 -0.016 3.004 8.74 0.000 200 5.585 0 0.9671 38.50 2.2891 5 6 45C 
, 
5 4.66 71.55 0.33 -0.045 5.073 0.27 -0.025 3.179 9.70 -0.376 197 6.607 5 0.6385 28.20 2.2073 13 7 417 
6 6.92 83.56 0.13 -0.020 4.272 0.25 0.000 3.001 12.29 -0.695 199 7.161 15 0.8062 56.0 2.1614 21 13 400 
7 2.83 68.73 0.57 -0.049 5.140 0.15 0.000 2.844 7.51 0.000 194 5.957 0 0.6484 36.0 2.2577 8 13 478 
8 8.55 1<&48 0.66 -0.023 4.823 0.27 0.000 3.840 8.14 -0.286 182 
- - - - - - -
445 
9 6.11 86.55 0.13 -0.032 5.070 0.26 -0.013 3.363 5.46 -0.179 208 6.053 5 0.0116 120 2.3010 14 10 410 
10 4.35 79.70 0.42 -0.048 5.14 0.25 -0.019 3.300 9.50 0.000 192 5.848 0 0.7284 120 2.3865 16 19 462 
11 5.07 72.24 0.40 -0.047 4.76 0.28 -0.017 2.940 9.28 -0.227 196 6.026 
-5 0.0253 66.65 2.3768 3 10 415 
12 6.07 89.93 0.32 -0.043 5.09 0.34 -0.006 3.371 6.90 -0.158 185 6.209 10 0.7177 120 2.4809 13 2 435 
13 5.63 81.59 0.35 -0.044 4.83 0.32 -0.021 3.550 8.00 -0.389 192 6.653 0 1.0472 120 2.2821 6 14 440 
14 8.22 72.88 0.19 -0.120 4.43 0.46 -0.027 2.988 12.83 -0.958 183 5.070 5 0.1206 47.4 2.0792 14 12 300 
15 7.52 89.81 0.39 -0.049 4.50 0.31 -0.008 3.502 11.43 -0.483 212 5.433 5 0.4942 73.2 2.3464 9 8 375 
16 5.47 89.16 0.36 -0.029 5.42 0.31 -0.009 3.853 3.60 -0.030 lq4 7.798 10 0.8627 120 2.4584 10 16 467 
17 5.55 85.55 0.42 -0.033 4.23 0.27 -0.014 3.225 9.77 -0.655 190 5.916 10 0.8543 52.7 2.3703 2 15 425 
18 4.15 78.51 0.25 -0.033 4.83 0.28 -0.017 3.117 8.51 -0.315 192 6.950 15 1.2821 42 2.4892 19 10 445 
19 4.65 82.09 0.42 -0.044 5.419 0.30 -0.020 3.114 11.75 0.000 200 6.124 15 0.9956 120 2.6328 10 15 451 
20 7.26 78.79 0.}2> -0.058 4.594 0.37 -0.037 3.409 12;46 -0.309 200 6.310 15 :w 56.6 2.4341 13 7 391 
Table 17 The matrix of statistics from the experimental results, before multivariate analysis 
SECTION THREE: - mE MULTIVARIATE ME'mODS AND RESULTS 
mE METHOD of the multivariate statistical analysis is described 
belol~. It is followed by the results in three parts, comprising (1) 
~he physiological variables, (2) the psychophysical variables and (3) 
the combination of these variables taken together. In each of these 
parts one analysis considers the interrelationships of the measures and 
another ~escribes the power of the independent variables to predict the 
work ability. < ", 
The rationale for the use of mUltivariate metnods is that a number 
of attributes of a number of subjects were measured and the measures 
were expected to interrelate. When only two variables are studied the 
interdependence or correlation between the two is often described by a 
simple correlation coefficient. Similarly, the dependence of one vari-
able on another can frequently be assessed by simple regression analysis 
and with levels of an independent variable and groups of measures on the 
dependent variable this may be generalised to, e.g. analysis of variance. 
However. when the experiment involves the interdependence of more than 
two variables or the dependence of a variable on two or more predictors 
or independent variables, it is unsatisfactory to analyse the data by a 
series of separate univariate procedures, (-i.e. one variable to one vari-
able). The variables are interconnected and the results of a number 
of analyses that paired them in such a manner would lose some of this 
interaction. Multivariate analysis is required, as Kroll (1965) and 
Endler (1966) have shown empirically. In both these studies significant 
effects were containedlil the interactions between the dependent variables. 
These interactions were revealed by multivariate analysis. It allows 
measures that reveal the complexities of a set of variables to be con-
sidered together as an integrated pattern of responses and when the 
correct mUltivariate procedure is selected it can be expected to reduce 
I~ 
the size of the statement needed to describe this integration. Thus 
the n interrelationships of y variables by factor analysis may be reduced 
to a simpler statement of less than n factors that account for the mean-
ingful variance of the original data. This reduction of the dimensions 
of the data towards a predetermined end is one primary function of the 
multivariate procedure as it is, of course, of univariate analyses. It 
should provide simplicity, if the original 'true' attributes actually 
are part of a simple basic structure. The more effective the selection 
of measures and procedures has been, the easier it will be to both 
achieve and interpret this reduced domain. This will be clear after 
examining the data from the present work. 
The results of the research have been analysed by multivariate pro-
cedures to obtain two sets of simple statements. First one might pose 
the question, 'What is the interdependence of the measures, i.e. How do 
these variables all interrelate together?'. To answer this the measures 
were intercorrelated using Pearson's "product moment correlations", the 
resulting matrix of correlation coefficients was factor analysed and the 
main factors were identified. The second question was, 'What is the 
dependence of the work ability variable on the independent variables, 
i.e. how well can the measures of the work criterion be predicted from 
the other measures?'. The solution was sought by calculating the multi-
pIe regression equations that gave the best prediction of the maximum 
work ability from the other characteristics of the subjects. 
The Factor analysis used was a principal components analysis with 
subsequent Dotation of the derived factors to a better descriptive posi-
tion. Measures on 19 attributes were involved, as shown in the raw 
\ 
data matrix of Table 17, p/56. It was expected that between some mea-
I 
sures there would be common variance, e.g. that subject 'i' who scored 
considerably above the group mean score for variable 'a', might also 
have done so for variables 'b', 'c' and 'd' and that, similarly, other 
subjects who scored in a particular manner relative to the average on 
one variable, would have performed in a similar way an some of the other 
variables. If this hypothesis is correct, it is possible to reduce 
the number of independent dimensions needed to state this common varia-
bility. The intention must be to reduce the 380 item (20 x 19) matrix 
of Table 17, pJ5~ to a simpler factor statement where the factors repre-
sent a clustering of communal variability in the measures of the sub-
jects' attributes. With a matrix of observations xij ' it is hypothesised 
that the underlying structure or domain is of the form 
where is the set of variables of size i = l ..... p 
fk are common factors 
si are factors specific to one variable xi 
ei is a residual error unaccounted for by factors 
2 a i is the degree of communality 
b2i is the amount of specificity 
and 2 c i is the size of the error variance or unrealiability 
as described by Kendall (1947). 
The principal component analysis describes the total variance by 
forming linear combinations of the variables. The first principal com-
ponent derived accounts for the largest proportion of the variance. 
The second is calculated so that it is uncorrelated with the first and 
contains the next best linear combination of the variables that will 
account for as much as possible of the remaining variance. By consecu-
tively stating principal components it may be possible to completely 
describe the whole complex of variations in less dimensions than were 
in the original matrix. However when a few components account for a 
large proportion of the total variance, the components that remain are 
often designated to be the error variance. In addition, the common 
factors, 'f' in the statement above, can often be further differentiated 
'60 
to a general factor 'f' in all xi's and one or more group factors fk 
that appear in more than one xi. Thus the analysis has th~ potential 
to reveal a single dimension upon which all the responses of the subjects 
may be differentiated and/or a number of independent dimensions with 
which the domain of the overall variability may be adequately described. 
However, these factor reference axes that are formed by the princi-
pal components analysis are often difficult to interpret due to the 
amount of variance accounted for by the general factor over all the vari-
ables. The normal procedure in a factor analysis of the type being 
carried out for this study is to rotate the original principal component 
axes to the position that maximises the loadings of the high loading 
variables on the factors and minimises the loadings of the low loading 
variables. The method most accepted is Kaiser's Varimax rotation (1958). 
This method is said to be "invariant under changes in the composition 
of the test battery" (1958), that is, small changes in the sample of the 
tests used to describe the domain of the behaviour should not alter much 
the description of the factors. The varimax rotation removes the effect 
of a general factor if one exists in the original principal components 
and this allows the group factors to be more easily interpreted. It is 
normal to'decide upon a descriptive title for the more important factors 
obtained, although this sometimes proves impossible. Titles are con-
structed by interpreting the sets of variables that load heavily on the 
factors and therefore this aspect of the reporting of the results pro-
vides a transition to their'discussion, as will be appreciated later in 
this section. 
Principal components analysis with varimax rotation is a standard 
procedure and the programs' of Cooley & Lohnes (1962) were used for the 
present computations. 
The dependence of the 'criterion' (the work ability variable) on 
the other variables was assessed by multiple regression analysis to con-
struct the statement 
where 
and 
Max watts work level (W) = a
o 
+ b1 xl + b2 x2 + b3 ~ ••••• (Work Ability) 
b x 
n-1 n-1 
are the independent variables ordered in predictive power 
bi are the weights that in combination provide the best 
prediction of W 
is the point of intersection of the fitted plane with 
the work ability axis. 
This again is a standard procedure and the appropriate computer program 
from Coo1ey & Lohnes (1962) was used. As discussed earlier, in simple 
, 
regression analysis a line of slope 'b' with intercept point 'a', of 
the form y ~ a + bx can be determined by least squares analysis. Similarly 
for multiple regression, the overall equation above locates a plane in 
the m dimensions so that the squared deviations of the criterion from 
the fitted plane are reduced to a minimum. It is important to realise 
that the beta weights (b) are not the simple correlations of the predic-
tors with the criterion. , They are the combination of weights that best 
predict the criterion, from the independent variables taken together. 
'I' 
Accordingly, the contribution of the weight of anyone variable should 
I 
not be assessed without considering also the other variables involved. 
If there is a need to study the multiple interrelations between the vari-
ab1es, factor analysis is a better tool; the present procedure is used 
for prediction. It is possible to calculate 'R' the multiple corre1a-
tion coefficient of the predictor variables with the criterion. This 
serves two useful purposes: 2 R is an estimate of the proportion of the 
tota1'variance of the criterion that is accounted for by the predictors. 
Also it is possible to test the multiple correlation coefficient for 
statistical significance, calculating the F statistic 
m - 1 
F = R2 (N - m) N _ m -"':":"-,l;2':':""--':::L--
(1 - R ) (m ~ 1) 
where N is the total number of subjects 
and m is the total number of dimensions 
By reference to the normal F ratio tables of probability for the appro-
priate degrees of freedom the statistical significance of the overall 
prediction can be established. 
In summary, the intercorrelation of the variables measured has been 
studied by factor analysis. The intention was to state factors that 
describe how the measures relate together. Secondly, the capacity of 
the measures to predict the maximum work ability has been estimated by 
multiple regression analysis. 2 The statistic R will assess this capa-
city and the equation of the best combination of the predictor measures 
can be stated. 
THE RESULTS of the multivariate analyses have been set out in three 
parts as described above. First the interdependence of the physiologi-
cal variables and the work measure and the dependence of the latter on 
the former have been reported. The second part states the same statis-
tical characteristics for the psychophysical variables, together with 
the work criterion. The final part describes the interrelationship of 
all these measures taken together and the effectiveness of the combined 
physiological and psychophysical variables in forecasting the work assess-
rnents. 
1. THE MEASURES OF THE PHYSIOLOGICAL VARIABIES shown in Table 17, p 156 
together with variable 19, the work ability, were intercorrelated 
over the twenty subjects as described above to give the 20 x 12 correla-
tion matrix shown in Table 18, p/6~ • The dependence of the work abil-
ity on the eleven physiological variables was then studied by multiple 
regression analysis. The results of this analysis are shown in Table 19, 
The equation stated at the top of that table contains the weight-
ing of the predictor variables that will give the best linear fit to the 
multiple regression line. The beta weights beneath the variables show 
f r 
/' 
• 1 • m o Fl o F2 o Fm • 1 • 2 • m HRl HR2 HRm VE VE 2 2 2 VE02 VE02 VE02 W 
1 • 1 VE 0.553* -0.213 -0.217 -0.472* 0.610** -0.011 0.262 0.290 -0.575** -0.103 -0.662** 1 
2 • m VE 0.096 0.478* -0.162 0.013 0.404+ 0.487* -0.369 0.104 -0.209 0.026 2 
3 o Fl 2 0.115 0.526* -0.317 0.134 0.452* -0.119 0.332 -0.298 0.640** 3 
4 o F2 2 0.079 -0.635** 0.535* 0.227 -0.447* 0.420+ 0.201 0.582** 4 
5 O-;!m -0.147 -0.068 0.491* -0.353 0.531* -0.052 0.723** 5 
6 v,01 E 2 -0.479* 0.219 0.370 -0.529* -0.131 -0.603** 6 
7 • 2 VE02 0.053 -0.327 0.149 0.080 0.269 7 
8 • m VE02 -0.334 -0.101 -0.110 0.392+ 8 
9 HRl -0.582** 0.214 -0.485* 9 
10 HR2 0.114 0.678** 10 
11 HRm -0.077 11 
12 W 
+ p < .08 * p < .05 ** p < .01 
Table 18 The correlation matrix of the physiological and work measures (n - 20) 
-...... 
VI 
Table 19 The multiple regression of work ability on the eleven 
physiological variables (n - 20) 
" 932.9 0-;12 y Watts - 563.9 + -
(b - 0.434) 
+ 35.7 m VE02 1.0 HR
m 
+ 
(b - 0.299) (b - -0.204) 
+ 31.0 HR2 + 1 46.9 02F -
(b ~ 0.187) (b - 0.162) 
+ 2.5 HRl + 2 435.5 VE02 -
(b - 0.143) (b - 0.099) 
F for ANOVA on R - 25.317** d.f. 
** p < .01 
11.7 VE 
1 
(b - -0.386) 
18.8 02Fm 
(b - 0.196) 
m 0.715 VE 
(b = 0.147) 
5.8 VE02 
1 
(b - -0.008) 
(11) 
(8 ) 
the comparative contributions of each of them to the predictive capacity. 
FOr convenience the equation is ordered so that the most predictive of 
the variables is stated ~st. The multiple correlation (R) of the 
dependent variable of the maximum work ability with the predictors is 
0.986; 2 the square of this correlation (R ) reveals that the very high 
proportion ~f approximately 97% of the variability in the work criterion 
is accounted for. This is a highly significant correlation. Before 
trying to account for the different weightings of the variables, with 
such high predictive power it is sensible first to reduce the number of 
Predictor variables to the point where fUrther reduction would seriously 
, 
reduce the multiple correlation. In this way the particularly important 
predictors may be identified. However, care has to be taken. The 
weightings of each variable in an equation such as that shown in Table 19, 
p "'I-, are dependent upon the total combination of all the variables 
involved. As variables are removed the weightings and possibly the 
ordering of the remaining variables alter. It has been proposed by 
Efroymson (1960) that the predictor variables may be added one at a time 
to the predictive equation so that the statistical significance of their 
contribution to the total power of the prediction may be assessed. How-
every, Coo1ey &: Lohnes (1963) and Johnson &: Jackson (1959) both have 
reservations about this procedure. The former points out that, 
"If we remind ourselves that mu1tip1e~ regression is 
, 
really a univariate model, since only the criterion 
\ 
variable is treated as subject to errors (see Kenda1l 
(1957) pp68-69 on this point), it follows that any 
effort to generalise from sample to population is 
open to serious danger of capitalization on chance, 
particularly if it involves selecting some predictors 
and discarding others." f" 
However, Johnson &: Jackson (1959) remark, it may be desirable to carry 
out such a selection but it is safer to leave to the judgement of the 
researcher the responsibility for the inclusion or exclusion of vari-
abIes, rather than to attempt to use statistical tests made on doubtful 
assumptions. Because of this the equation of Table 19, p~~ , has been 
reduced gradually and the meaning of the resultant changes has been con-
sidered by the experimenter. 
As the number of variables gradually reduced, a number of equations 
were produced. These are shown in the series of tables in Appendix B. 
In the main text, Table 20, p/'1summarises the multiple correlation co-
efficients and the percentage of the variance of the work criterion , 
accounted for through the equations of these different combinations of 
the physiological variables. In Appendix E, Table 33, p<l.'I-<jl shows the 
multiple regreSSion of work ability on the seven most predictive vari-
abIes from Table 19, p"~ • As can be seen in the summary in Table 20, 
pi" , the multiple correlation coefficient of 0.981 is still highly sig-
nificant and shows that little predictive loss has occurred with the 
removal of the four least predictive variables. Accordingly a further 
two variables were removed from the predictors as can be seen from the 
equation in Table 34, p~H1 , of the Appendix. The remaining independent 
, 
variables now do not contain a heart-rate measure. Table 20, p/'7 , 
·1 2 1 m • m 
shows that these five variables (V~ , 02F , 02F ,02F and VE02 ) 
-still correlate highly significantly with the work criterion, R = 0.977. 
Ninety-five per cent of the variability in maximum work ability could 
still be accounted for when less than half of the original predictor vari-
abIes were utilised. This loss of approximately 2% of the work variance 
was slight compared with the reduction in the number of variables. The 
complete prediction with the best four of these variables is shown in 
Table 35, pO/50. 94.6% of the variance is still accounted for. The 
removal of one more variable left only three predictors, all derived 
from the expired air oxygen fraction. Table 3', p.;l.SI, shows their 
Table 20 The multiple correlation coefficients and percentages of 
the variance of the work criterion accounted for by dif-
ferent combinations of the physiological variables 
Predictor Variables 
all 11 
• 1 2 1 7 - VE ' 0-;1 • 02F • 
°2tD• 
• m 
VE02 • HRm. 
HR2 
• 1 5 - VE • 
2 
°2F • 
1 
°1 • 
°2tD• 
• m VE02 
4 - 2 °2F • O-;1m. 0-;11, 
• 1 VE 
m 2 
° Fl 3 -
°1 · °2F • 2 
m 2 - 02F • 0-;12 
Multiple Correlation 
Coefficients with W 
0.99 
0.98 
0.98 
0.97 
0.93 
0.89 
% of Variance of 
W accounted for 
97 
96 
95 
95 
87 
80 
) 
predictive power. The multiple correlation with the maximum work abil-
ity fell to 0.932, accounting for 87% of the variability, as can be seen 
in Table 20, p (67 • Finally the least predictive of these three measures, 
the linear rate of increase in the oxygen fraction, was removed and 
Table 37, ~Sa , shows the final regression equation, 
This weighting of the two oxygen fraction statistics accounts for 80% 
of the variance, having a multiple correlation of 0.89 with the work 
criterion. Each of these oxygen statistics correlates significantly 
with the measure of the maximum work ability, but they do not correlate 
with each other as can be seen by the simple correlation coefficients 
shown in that table. 
The interdependence of the work ability and the eleven physiological 
variables was studied. The significant multiple correlations demonstrated 
above indicated that it would be worthwhile to carry out a factor analysis 
to describe the interrelationships of the work and the physiological vari-
ables. Meaningful relationships existed and this ensured that the fac-
tors obtained would not be describing mainly error variability. Table 18, 
p/63 , shows the matrix of correlation coefficients between these physio-
logical variables. The limitation of statements from such bivariate 
results has been noted earlier but before passing to the analysis of the 
principal components from the multivariate procedure, note may be made 
of the highly significant correlations between the work criterion W and 
I 
all three oxygen fraction statistics (that is the linear rate of change 
1 2 (02F , ), the rate of reduction:ln the rate of change (02F ) and the outer 
m 
value of the range of response (02F ) ). The statistical significance 
for the Pearson product ,moment correlations shown in Table 18, p~3 , 
was tested at the 5% level of probability using the standard 't' statistic. 
The comparatively low intercorrelations of the remaining maximum values 
• m • rn m (VE ,VE02 and HR ) with both the work criterion and the other statistics 
is also noteworthy. After a principal components analysis of this cor-
relation matrix, the first five components were found to account for 88% 
of the total variance in the data and the remaining seven components, 
that were discarded as error variance, only accounted for 12% of the 
variance, an average of less than 2% each. It can be seen in Table 21, 
p170, that the first three components account for a large proportion 
of this total variance and that the principal component is the largest, 
describing 37% of the variability. At this stage, before the varimax 
rotation, these components are general factors with some group factors 
entangled. It is accordingly not easy to interpret the loadings of 
the variables on the components. It appears as if the first principal 
component is a general factor of work ability, havingbtgh loadings with 
the variables that associated with the work criterion in the simple analy-
( 1 2 m sis i.e. 02F , 02F ,02F etc). 
The interpretation is simplified When these five principal components 
are rotated to a varimax solution, as can be seen in the weighting of 
the physiological variables on the rotated factors shown in Table 22, pl71 
Accounting for 37% of the variance, Factor I may be called Work Ability 
through Lung Oxygen Diffusion Capacity. On th1s factor there are high 
loadings of the work criterion (0.744), the linear rate of increase in 
the oxygen fraction (0.878), the maximum oxygen fraction (0.786), and 
the maximum oxygen consumption (0.599). The latter is a composite stat-
istic, for 
and its high weighting may be attributed to the oxygen fraction rather 
than to the ventilatory volume as there are low loadings of the VE stat-
istics on this first factor. Factor II is Oxygen Uptake through Ventila-
tory Volume Response. There are high loadings of 0.777 and 0.468 for 
the linear rate of change of the ventilatory volume and the linear rate 
• 1 vE 
• m VE 
0;11 
0;12 
°2rfi 
• 1 VE02 
• 2 VE02 
• m VE02 
HR1 
HR2 
HRm 
W 
% of trace of R 
accounted for by 
each root 
Accumulated % 
f 
Component 1 Component 2 Component 3 Component 4 Component 5 Work Ability 
-0.616 0.731 0.043 -0.099 
0.184 0.918 -0.159 0.011 
0.578 0.086 0.494 0.196 
0.669 0.303 -0.512 -0.159 
0.650 -0.188 0.597 -0.240 
-0.716 0.244 0.493 -0.220 
0.419 0.372 -0.554 0.133 
0.354 0.615 0.533 -0.368 
-0.673 -0.273 0.052 -0.128 
0.793 -0.175 -0.026 -0.105 
-0.025 -0.283 -0.444 -0.815 
- 0.939_ -0.105, 0.178 -0.018 
36.637 19.037 16.307 8.606 
> 
36.637 55.675 71.891 80.588 
Table 21 The principal components of the physiological and work 
measures (n = 20) 
-0.094 
0.087 
-0.530 
-0.062 
0.044 
0.195 
-0.289 
-0.059 
-0.589 
0.315 
-0.133 
-0.131 
7.576 
88.164 
( 
-.I 
o 
r f 
Work ability Oxygen uptake Oxygen pro- Rate of Iffi change 
through lung through ven- vision with Maximum heart with lung oxygen 
oxygen diffu- tilatory vol- increasing rate diffusion ability 
sion capacity ume response limitation and work ability 
I II III IV V 
/ 
• 1 VE -0.318 0.777 0.115 0.086 -0.457 
• m VE -0.075 0.813 -0.425 0.180 0.176 
o Fl 2 0.878 0.000 -0.211 0.288 -0.079 
o F2 
2 0.114 0.166 -0.766 -0.241 0.383 
O-;]!m 0.786 -0.073 0.212 -0.095 0.443 
• 1 VE02 -0.190 0.468 0.750 0.022 -0.290 
• 2 VE02 0.002 0.147 -0.836 0.015 0.033 
• m VE02 0.599 0.730 0.078 -0.063 0.181 
Iffil 
-0.063 -0.181 0.241 -0.212 -0.868 
1ffi2 0.332 -0.199 -0.218 -0.125 0.747 
HRm -0.112 -0.107 -0.111 -0.960 -0.058 
W 0.744 -0.176 -0.359 -0.012 0.479 
------% trace of R 
accounted for by 36.6?)7 19.037 16.307 8.606 7.576 
each root 
Accumulated % 36.637 55.675 71.981 80.588 88.164 
(n = 20) -./ Table 22 The loadings of the physiological and work measures on the five largest rotated factors 
11~ 
of change of the oxygen consumption respectively and for the maximum 
ventilatory volume and the maximum oxygen consumption there are similar 
high respective loadings of 0.813 and 0.730. The other variables, 
including the work criterion, show low loadings on this factor, which 
accounts for a further 19% of the variance, making over half the variance 
accounted for after two factors have been described. 
The next three factors only account for a fUrthe~2~ of the vari-
ance in the work ability and physiological data. Thus they produce less 
important descriptions of this variability between the subjects. Account-
ing for 16% of the variance, Factor III is Oxygen Provision with Increasing 
Limitation. The quadratic coefficients describing the rate of change 
in oxygen fraction and oxygen consumption have loadings of -0.766 and 
-0.836 together with loadings of +0.750 for the rate of change in oxygen 
consumption and of -0.425 for the maximum ventilatory volume. 'I'he work. 
criterion has a comparatively low loading of -0.359 on this factor. Re-
versing the signs of these weightings assists their interpretation. 
Having done this, the weightings show that as the negative quadratic co-
efficients reduce in size the linear rate of change in oxygen consumption 
reduces and the maximum values for work ability and ventilatory volume 
increase. Factor IV, Maximum Heart-Rate, is very close to being a speci-
fic factor, i.e. specific to one variable. It accounts for 9% of the 
total variance, maximum heart-rate loads 0.960, and no other variable 
has a loading higher than 0.30. Referring to Table 22, p 111 , it can 
be seen that this variable interacts very little with the other variables 
on any of the other four factors. Factor V accounts for approximately 
8% of the variability. It is a complex factor involving a number of 
variables but the low amount of the variance accounted for does not war-
rant detailed analysis of its complexity. It describes the association 
of the linear rate of change in the heart-rate with the linear rate of 
change in the ventilatory volume. The increasing size of these coeffic-
----------------------------------------------------------, 
tents is associated with increasing size in the quadratic coefficients 
for the heart-rate and the oxygen fraction and with reducing work abil-
ity. 
2. THE MEASURES OF THE PSYCHOPHYSICAL VARIABLES are now considered 
together with the measures of work ability. The dependence of the 
maximum work criterion on the psychophysical measures was tested in a 
similar way to the analysis that was carried out on the physiological 
variables. The best coefficients for, the equation that predicts the 
work ability from all the seven psychophysical measures are shown in 
Table 23, p 1'7'+ • The multiple correlation of the predictors with the 
criterion was significant at the .05 level, being R = 0.844 as shown in 
the summary of these multiple regression analyses in Table 24, pl75; 
approximately 71% of the variability between the subjects in maximum 
work ability could be accounted for by the combination: of weightings 
shown for the predictors. Because the measures of tolerance for pres-
sure, of extraversion and of neuroticism were much less predictive than 
the other variables they were removed from the analysis and a new regres-
I 
sion was calculated. The result is shown in Table )8, pd.53 in Appen-
dix B. Seventy per cent of the variability in the work criterion is 
accounted for by the remaining four independent variables (that is the 
change in the just-noticeable-difference in pressure, the change in in1-
tial sound threshold, the tolerance for ischaemic work and the hydrogen 
ion concentration of the blood at exhaustion). Thus very little was 
lost by removing the three low predictors from the first analysis. The 
least predictive of the remaining four variables, the blood hydrogen ion 
concentration, was next removed. This resulted in a marked fall in pre-
dictive power, as can be seen in Table 24, p/75 • The three remaining 
predictors significantly correlated 0.770 with the work criterion, account-
ing for 59% of the variance. The details of the predictive equation 
are shown in Table 39, pJ..54-. By removing the ischaemic work variable 
Table 23 The multiple regression of work ability on the seven 
psychophysical measures (n - 18) 
1\ 
y Watts -
-
83.5 4.76,.ST + 68.0 log C:::"JND 
(b - -0.655) (b - 0.586) 
+ 145.7 log IT + 21.6 cH + 1.2N 
(b - 0.445) (b - 0.369) (b - 0.117) 
+ 0.8 E 0.09 Pr 
(b - 0.096) (b - -0.073) 
R ~ 0.844 
R2 _ 0.712 
F for ANOVA on R = 3.536* (7 ) d.f. {ll} 
* p <. .05 
174-
Table 24 The multiple correlation coefficients and the percentages 
of the variance accounted for by different combinations 
of the psychophysical variables 
Predictor Variables 
all 7 
4 - JND, ST, IT, 
cH 
3 - JND, ST, IT 
2 - JND, ST 
Multiple Correlation 
"Coefficients with W 
0.84 
0.83 
0.77 
% of Variance of 
W accounted for 
71 
70 
59 
50 
I1b 
a final equation utilizing the two most predictive of the psychophysical 
variables was calculated and is given in Table 40, prJ.56. These two 
most predictive variables were the two measures of attention. Using 
the formula 
9 Watts = 379.2 + 94.1 log b1ND - 3.2 iJ.ST 
approximately half of the variability in the work criterion can be 
accounted for. This is still a significant regression but it should 
be noted that the predictive power of the independent variables fell 
markedly when they were reduced to less than four in number. At that 
point 70% of the variability in the work crtterion could be encompassed 
by the independent variables combined into the formula 
" y Watts = -20.1 + 70.8 log ~ND - 4.3 ~ST + 122.6 log IT 
+ 21.8 cH 
It is interesting to consider the effect upon the overall prediction 
in this section of the work, if the measure of the blood variable is 
omitted. Table 41, p~56 in Appendix B shows the result. The six 
variables that remain have a multiple correlation of 0.79 with the work 
, 
criterion. This correlation is significant at the 6% Javel of probabll-
ity. Again the variables of neuroticism, extraversion and pressure tol-
erance are a good deal less predictive than the other variables and the 
appropriate procedure would be to remove them and re-analyse. However, 
this returns the analysis to that demonstrated in Table 39, p~~'t. It 
would show that only approximately 3% of the maximum predictive power 
is lost by removing these variables and it may be concluded that the 
measures of these low predictors cannot be weighted to compensate in 
predictive power for the blood hydrogen ion measure. 
The interdependence of the psychophysical and work variables~s 
also worth subjecting to factor analysis as a significant multiple cor-
relation had been demonstrated in the data. Table 25, p/77 , shows the 
simple correlation matrix for all eighteen subjects over the eight vari-
F 
6. Sound .1:.'?.g 'f::s. Just- Pressure log Blood cH Noticeable- Ischaemic Extraversion Neuroticism Work Threshold Pressure Tolerance Tolerance 
1. Blood cH 0.330 0.477* 0.058 0.041 0.033 0.269 0.481* 1. 
2. b. ST 0.488* 0.000 0.359 0.509* -0.049 -0.045 2. 
3. log ~ JND -0.139 0.269 0.050 0.165 0.596** 3. 
4. PT 0.519* 0.067 0.213 0.129 4. 
5. log IT -0.002 -0.048 0.339 5. 
6. E -0.083 -0.211 6. 
7. N 0.300 7. 
8. W 8. 
* p < .05 ** p < .01 
Table 25 The correlationrratrix of the psychophysical and work measures (n = 18) 
---------------------------------------------------------------------------------------~ 
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ables. Significant simple correlations existed between the two pain 
tolerance variables and between the two measures of attention to noci-
ception. In this univariate form there was limited interrelationship 
between the groups of measures but the cluster of significant positive 
correlations between the size of the blood hydrogen ion concentration 
at exhaustion, the size of the change in reporting the just-notice able-
difference in pressure and the level of the maximum work ability is note-
worthy. When a principal component analysis of this data was carried 
out the largest component formed around this cluster, as can be seen in 
Table 26, p/7~. This principal component of Work Capacity by Attention 
away from the Limited State accounts for 31% of the variance between the 
psychophysical measures. The first four principal components which 
describe 82% of the variance, were rotated to a varimax solution. The 
resulting four factors are described in Table 27, p/gO. Factor I may 
be called Awareness in the Limited Work State. It relates low values 
in the hydrogen ion concentration of the blood, low changes in the time 
to perceive differences in pressure of low intensity on the tibia and 
small changes in the initial threshold for sound with low maximum work 
ability. There is also a small loading of low tolerance for ischaemic 
nocieption on this factor. Accounting for a further 21% of the variance, 
Factor II has been tentatively called Introversion, Work Ability and 
Awareness of Distress. A high negative loading of the change in the 
initial sound threshold together with low negative loadings on the vari-
ablesof tolerance, attention and hydrogen ion concentration are strongly 
associated with low extraversion scores and with a positive work ability 
loading. These first two factors account for over half of the variance. 
Factor III represents Pain Tolerance Limits somewhat affecting work 
ability, as can be seen in Table 27, p/gO. Because of the comparatively 
low loading of the work measure it must be concluded that much of the 
variance accounted for by this factor is specific to the tolerance for 
f , 
, . 
Work Capacity by Attention 
away from the Limited State Component 2 Component 3 Component 4 
Component 1 
Blood cH -0~706 0.102 -0.318 0.224 
6. Sound Threshold -0.555 -0.740 -0.079 0.015 
log ~ Just-Noticeable-Pressure -0.8l2 -0.045 -0.354 -0.239 
Pressure Tolerance :-~.g'j.~ 0.(J{7 0.862 0.277 
log Ischaemic Tolerance -0.540 -0.133 0.678 -0.376 
Extraversion -0.119 -0.788 -0.006 0.400 
Neuroticism -0.357 0.450 -0.003 0.699 
Work -0.731 0.494 -0.044 -0.189 
% of trace of R accounted 31.257 20.628 17.957 12.625 for by each root 
Accumulated Percentage 31.257 51.884 69.841 82.466 
Table- 26 The loadings of the psychophysical and work measures on the four largest principal components (n = 18) 
\ 
\ , 
1 
I Il III IV 
Awareness for the Introversion, Work Pain 
Limited Work State Ability and Aware~ Tolerance Neuroticism ness of Distress 
Blood cH -0:686 -0.184 -0.057 0.390 
6. Sound lhreshold -0.392 -0.8i4 0.135 -0.167 
log~ Just-Noticeable-Difference -0.898 -0.181 -0.003 -0.057 
Pressure Tolerance 0.166 -0.036 0.862 0.346 
log Ischaemio TOleranoe -0.299 -0.077 0.865 -0.259 
Extraversion 0.130 -0.880 0.002 0.060 
Neurotioism -0.185 0.069 0.054 0.882 
Work -0.782 0.326 0.245 0.194 
% of traoe of R aooounted for 31.257 20.628 17.957 12.625 by each root 
Aooumulated Percentage 31.257 51.884 69.841 82.466 
Table 27 The loadings of the psyohophysioal and work measures on the four largest rotated faotors (n = 18) 
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laboratory pain, rather than to the nociception which includes physical 
work to exhaustion. This factor describes a further 18% of the variance 
in the psychophysical data. 
Factor IV, Table 27, p/go , describes Neuroticism. Although there 
are some moderate loadings from the other variables this last factor 
comes close to being a specific factor, for it only accounts for a fur-
ther 13% of the variance. 
3. THE ANALYSIS OF ALL mE VARIABLES TAKEN TOGETHER is now described. 
All nineteen measures were intercorrelated and the matrix of correla-
tion coefficients that was obtained is shown in Appendix B in Table ~, 
pcl.S1. This is not merely the combination of the two similar matrices 
from Table 18, Pin, and Table 25, pJ77, discussed above. '!he results 
from only eighteen subjects are concerned in the overall analysis, for 
in two cases the data was incomplete. As might be expected, the simple 
correlation between some of the physiological variables altered a little 
when this latter data was discarded. This did not seriously affect the 
factor description of the common variability between these physiological 
functions, as can be seen when the results in Table 22, p nI, are com-
pared with those in Table 28, pIll;!. • The latter reports an identical 
analysis of the physiological data to that reported in the former, but 
used only the information from the eighteen subjects studied in the pre-
sent section of the overall analysis. It can be seen that the factor 
Sizes, titles and loadings remain virtually the same. Therefore it is 
permissible to make comparisons between the results of the analysis of 
the physiological data from twenty subjects and the results of the present 
overall analysis of the physiological and psychophysical data from the 
reduced sample of eighteen of the subjects. 
The interdependence of all the measures was analysed. While inter-
esting clusters of correlations from the variables assessing the physio-
logical condition or the mental state are again apparent, inspection of 
I II III V 
Work ablli ty Oxygen pro- Oxygen uptake Rate of lffi change 
through lung vision with through ven- Ma.xinrum with lung oxygen 
oxygen diffu- increasing tllatory volume heart-rate diffusion ability 
sion capacity limitation response and work ability 
• 1 VE -0.472 0.335 0.472 -0.022 -0.617 
• m VE -0.177 -0.313 0.869 -0.168 -0.005 
0-;11 0.915 0.044 0.021 0.162 0.207 
0;/2 0.150 -0.711 0.223 -0.399 0.291 
o Fm 2 0.476 0.169 0.199 0.143 0.739 
• 1 VE02 -0.431 0.658 0.383 0.272 -0.310 
• 2 VE02 -0.103 -0.900 0.052 0.005 0.044 
• m VE02 0.282 0.143 0.869 0.089 0.254 
" lffi1 0.081 0.368 -0.286 -0.188 -0.800 
lffi2 0.278 -0.124 -0.056 -0.319 0.829 
lffim 
-0.179 -0.141 0.040 -0.940 -0.035 
W 0.634 -0.364 0.082 0.027 0.646 
% of trace of R 
accotmted for 40 19 17 8 5 
-by each root c() 
lY 
Accumulated % 40 59 76 84 90 
Table 28 The loadings of the physiological and work measures on the five largest rotated factors (the 
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the complete correlation matrix in Table 42, pa~7, is noteworthy for 
the sparseness of further interactions. Not many simple interrelation-
ships between these two groups of the measures are apparent, compared 
with those existing within the groups. However, as significant multiple 
correlations existed in the data a principal components analysis was 
carried out. The first five components describe approximately 76% of 
the total variance, as shown in Table 29, pIV~. The first component 
is a General Factor describing The Determinants of the Work Ability. 
It accounts for approximately 29% of the variance. The measure' of work 
ability had the highest loading, 0.979, on this factor. This is posi-
tively associated with all three statistics for the oxygen fraction extra-
cted and negatively associated with the linear rate of change in the 
ventilatory volume and the oxygen consumption. This is much of the 
variance accounted for by the first factor in the factor analysis of the 
physiological variables, as shown in Table 2.;t, p III . Factor Five of 
that earlier analysis was also associated with the work ability and that 
I 
clustering of common variability is seen in the loadings of the HR and 
2 HR statistics on this General Factor of the overall analysis. Three 
psychophysical variables also load positively and contribute to the 
identification of this first principal component as a general factor of 
Work Ability. The change in the just-noticeable-difference in pressure, 
the level of the hydrogen ion concentration of the blood at exhaustion 
and the tolerance for ischaemic work formed much of the first factor 
with the work ability in Factor I of the analysis of the psychophysical 
variables and they load positively on the present general factor. This 
I 
first principal component of the overall analysis of interdependence 
demonstrates the common focus upon the work ability in the selection of 
the measures to be taken and it appears that the degree of association 
with this work criterion is strong enough to form a general factor. 
The first five principal components were rotated to a varimax siution 
, ~ 't 
Table 29 The loadings of all the measures on the five largest principal 
components (n = 18) 
Component 1 Component 2 Component 3 Component 4 Component 5 Work Ability 
• 1 VE 0.762 -0.454 -0.224 -0.189 0.170 
• m VE -0.185 -0.855 -0.015 -0.220 0.174 
0,z1 
-0.596 0.521 -0.334 -0.120 -0.106 
o F2 2 -0.659 -0.407 0.371 0.337 0.128 
O,zm 
-0.734 0.121 -0.363 -0.249 -0.044 
• 1 VE02 0.642 -0.336 -0.528 -0.349 -0.148, 
• 2 VE02 -0.294 -0.198 0.597 0.15'1 0.456 
VE02 
m 
-0.396 -0.407 -0.564 -0.295 0.217 
HRl 0.684 0.136 -0.126 0.332 -0.351 
HR2 
-0.792 0.025 0.280 -0.243 -0.373 
HRm 0.045 -0.304 0.651 -0.006 -0.187 
cH -0.497 -0.224 -0.400 0.336 0.315 
~ST 0.035 -0.685 -0.322 0.512 -0.235 
log l:::.. JND -0.516 -0.153 -0.522 0.464 -0.239 
Pr -0.250 -0.559 0.146 -0.593 -0.009 
log IT -0.423 -0.456 0.146 -0.139 -0.649 
E 0.210 -0.499 0.061 0.401 -0.009 
N -0.287 0.116 -0.264 0.007 0.314 
W -0.979 0.109 -0.071 0.096 -0.016 
% trace of 
R accounted for 29.133 16.607 13.479 9.514 7.346 
by each root 
Accumulated % 29.133 45.740 59.219 68.733 76.080 
and Table 30, pl~' , shows the loadings of the variables on these five 
largest factors. The general factor was destroyed to a large extent 
during this rotation and after these interactions with the work ability 
are removed, the group factors identify the main clusters of variability 
that remain. Factor I describes the Oxygen Supply despite Advancing 
Limitations. By reversing the signs for the loadings of the variables 
the interpretation is simplified. It can then be seen that low reduc-
tions in the rate of change in the oxygen fraction, oxygen consumption 
and heart-rate during the limited work states are associated with low 
rates of change in the ventilatory volume, the oxygen consumption and 
the heart-rate in the normal linear work states and with higher work 
abilities and maximum heart-rates. The merely moderate loading of the 
work ability on this factor makes it clear that this is not the primary 
characteristic involved. The factor centres around the provision of 
oxygen. However, this is a provision that is seen mainly in the later 
stages of work for the linear rate of change of the oxygen fraction shows 
only a low loading. It appears that the statistical meaning for this 
important early phase of oxygen utilization has been removed with the 
general factor, for it does not appear to an important degree until the 
fifth group factor. 
Accounting for 17% of the variance, Factor 11 is Tolerance for Physi-
cal Pressure. The level of the maximum ventilatory volume and thus also 
the maximum oxygen consumption, and the tolerance for mechanical pressure 
are important contributors to this factor. The meaningful loading of 
0.47 for tolerance for ischaemic work reinforces the identification with 
tolerance. The linear rate of change of the heart-rate with a loading 
of 0.50 is also noteworthy. However, the work variable is not involved. 
Factor Ill, is The Heart Load. It accounts for 13% of the variance. 
High levels of the maximum heart-rate are associated with low maximum 
oxygen fractions and oxygen consumptions, low linear rates of increase 
f , 
Work Ability through effic-
Oxygen supply despite Physical pressure Heart load Attention ient oxygen provision and 
advancing limitations tolerance resistance to limitation 
I II III IV V 
• 1 VE 0.365 -0.279 0.089 0.099 0.820 
• m VE -0.189 -0.841 -0.049 0:342 0.163 
0:{1 0.151 0.157 -0.447 -0.222 -0.683 
0:{2 
-0.7?f) -0.238 -0.018 0.388 -0.337 
o Fm 2 0.076 -0.252 -0.490 -0.063 -0.660 
• 1 VE02 0.755 -0.306 0.022 0.109 0.520 
• 2 VE02 -0.830 -0.1?f) 0.049 -0.051 0.054 
• m VE02 0.154 -0.600 -0.590 0.180 -0.106 
HRl 0.440 0.504 0.333 0.221 0.358 
HR2 
-0.217 -0.300 0.147 -0.082 -0.860 
HRm -D. 354 -0.192 0.624 0.01;17 0.014 
cH -6.238 -0.089 -0.533 0.427 -0.148 
b,. ST 0.087 -0.135 0.001 0.920 0.137 
log 6 JND 0.090 0.081 -0.405 o.b69 -0.458 
PT -0.060 -0.8!f4 0.129 -0~07b -0.093 
log IT 0.064 -0.469 0.417 0.369 -0.561 
Extraversion -0.154 -0.045 0.171 0.5lf2 0.330 
Neuroticism -0.089 -0.008 -0.493 -0.059 -0.098 
Work -0.347 -0.095 -o.lfu 0.106 -0.822 
% trace Qf R accounted 29.133 16.607 13.479 9.514 7.346 for by each root 
Accumulated % 29.133 45.740 59.219 68.733 76.080 
Table 30 The loadings of all the measures on the five largest rotated factors (n = 18) 
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in the oxygen fraction and low change in the hydrogen ion concentration 
of the blood. Higher linear rates of increase in the heart-rate are 
also involved. The loading of low neuroticism is also apparent and low 
work ability loads on this factor-. 
The final two factors considered account for 9% and 7% of the vari-
ance respectively. Factor IV is a factor of Attention to Sensory Stimuli. 
The change in initial sound threshold and in Just-noticeable-difference 
in pressure are important variables in this factor, as is extraversion. 
The physiological characteristics of lo~ reductions in the rate of change 
of the oxygen fraction and high blood hydrogen ion concentrations at 
exhaustion are associated with this attention group. The next factor 
I 
has the highest loading of the work variable for Factor V is Work Ability 
through Efficient Oxygen Provision. It appears to be the residual core 
from the destruction of the general factor. After reversing the signs, 
together with a positive loading for work ability there is a positive 
loading for the linear rate of increase in the oxygen fraction and for 
the maximum oxygen fraction and a negative loading for the linear rate 
of increase in the ventilatory volume. It is interesting that there 
is also a very meaningful proportion of the factor associated with low 
reduction in the rate of change of the heart-rate. These five factors 
accounting for approximately 76% of the variance in the data, describe 
the interdependence of all the measures when they are taken together. 
The dependence of the work ability on all these measures was also 
assessed. As may be anticipated, the predictive power of the battery 
of independent variables is very high for significant predictions were 
demonstrated above when the phySiological and psychophysical variables 
were used separately. In the analyses that follow it is as interesting 
to note the contribution of the measures from the two groups of these 
metabolic and mental variables as it is to note the overall predictive 
power. Table 31, p/~~ , contains the information on the multiple regres-
Table 31 The multiple regression of work ability on all eighteen 
independent variables (n = 18) 
1\ y Watts - 742.8 + 452.7 0-;/1 + 3042.9 0-;!2 
(b - 1.424) (b - 1.401) 
• m 19.8 HR1 • 1 
-
158.9 VE02 + 29.2 VE 
(b ~ -1.259) (b = -1.099) (b - 0.866) 
+ 4.8 E + 409.4 VE02 
1 
+ 62.8 log t:.. JND 
(b = 0.594) (b = 0.580) (b - 0.541) 
m • m 
+ 52.9 02F 27.7 cH 
-
2.4 VE 
(b - 0.533) (b E 0.473) (b m -0.344) 
-
49.1 HR2 6 • 2 13 2.3 VE02 + 2.7 Neurot. 
(b = -0.30) (b = -0.293) (b - 0.259) 
+ 0.2 FT 43.3 log IT - 0.7 ~ ST 
(b = 0.187) (b - -0.132) (b - -0.104) 
+ 0.6 HRm 
(b = 0.102) 
R = 1.000 
sion of the work ability on all the eighteen independent variables. 
The multiple correlation with eighteen subjects is 1.00. The six least 
predictive variables were removed and the result of the analysis of the 
remaining twelve variables can be seen in Table 43, p~SS in Appendix B. 
Ninety-eight per cent of the work ability variance is still accounted 
for as shown in the summary in Table 32, p/qD • At this stage three 
of the measures of the mental state remain, the change in the just-
noticeable-difference for pressure, the personality factor of extra-
version, and the measure of the hydrogen ion concentration of the blood 
at exhaustion, together with a number of other physiological measures. 
However, reduction of the twelve predictors to the eight most predictive 
removes the measures of the personality and the concentration of the 
blood hydrogen ions so that, as can be seen in Table 32, p /10 , only the 
~ variable remains from the measures of the mental state. At this 
stage there is a significant multiple correlation of 0.989. The complete 
prediction is shown in Table 44, pJ51 • When the matrix is further 
reduced to the six most predictive variables it is still possible to 
account for approximately 97% of the work variance as shown in Table 45, 
p~'O • Finally, with-iha-predictors reduced to five, approximately 96% 
of the work variability in maximum work performance can be accounted for 
by the equation 
"'\ y Watts 2 m ~ 326.1 + 8:;;4.0 02F + 31.9 02F 
1 
+ 74.1 02F + 18.8 log ~JND 
This highly significant prediction is shown in Table 4t, pa6/ • If the 
next least predictive variable, the 10g~ND, were removed this would 
result in solely physiological variables remaining and the analysis would 
repeat that described in Table 35, p.l.50. Accordingly, this terminates 
the statement of the multivariate results. 
Table 32 The multiple correlation coefficients and the paeentages 
of the variance of the work criterion accounted for by 
combinations of the psychophysical and physiological vari-
ables 
Predictor Variables 
all 18 
best 12 
8 .:. 02F2. b.. JND. 1 
°l · 
m • 1 1 02F • VE ' HR , 
• 1 2 
VE02 ' HR 
2 m' 1 
6 - 02F , 02F ' VE ' 
0-;11, b.. JND, HR2 
2 m' 1 5 - 02F , 0-;/ , VE ' 
0-;/1, .6. JND 
Multiple Correlation 
Coefficients with W 
1.00 
0.99 
0.99 
0.98 
0.98 
% of Variance of 
W accounted for 
1.00 
98 
98 
97 
96 
SECTION FOUR - THE DISCUSSION 
tion, 
Two problems were proposed in the introduction to this disserta-
a) What are some of the common reactions that enable 
the performers in a population of this type to 
work for some time before becoming exhausted? 
and 
b) Which reactions differentiate between the maximum 
work abilities of the performers? 
The results of the study provide information on both issues. The pre-
dictive equations summarised in Tables 20. 24 and 32, pages 167, '7~ 
and 190, demonstrate that from the variability in the measures of the 
common reactions to homeostatic adjustment and eventual disequilibrium 
it is possible to predict the maximum work ability from either the meta-
bolic conditions or the mental states of the subjects. This successful 
differentiation provides a strong validation that these are meaningful 
common patterns of responses. In addition, the analysis of the inter-
action of the measures has revealed a number of statements that lead 
to hypotheses about the underlying functions during the work performance. 
Because of this the results are now discussed in some detail so that 
these new hypotheses that evolve from the answers to the primary research 
problems of the study can be considered. The homeostatic changes will 
be clarified first, leading to the discussion of the other important 
matters arising from the interactions between the variables. 
It is clear that the form of the human functions studied identifies 
the homeostatic adjustments to the continuously increasing load of work. 
As expected with such work, the heart-rate, the oxygen fraction extracted 
(i.e. the partial pressure of oxygen removed from the air in the lung, 
as distinct from the 'liLume of oxygen taken up), the ventilatory volume 
I~ I 
and the oxygen consumption all show initial rates of work response that 
are linearly related to the changes in the external work, as illustrated 
earlier in Fig. Z7, p Iltb, and Table 14, p Itr~ • If the work level dur-
ing this linear phase were held constant it is expected that all four 
functions would show comparative stability at that level of external 
work. This expectation is supported in the results of the research 
that has used step-wise increases in the work load. In the normal 
linear work state, comparatively stable plateaux for the heart-rate 
(Brooke, Hamley &: Thomason, 1968c) and the ventilatory measures (Rstrand, 
1952) have been found. The physiological responses to such a level 
of work should remain stable until additional environmental or internal 
factors change and influence the balance obtained. Accordingly, the 
range of the normal linear work state of a physiological function is 
that range within which there is capacity to make an adequate homeosta-
tic adjustment. In this condition the sufficiency of the metabolic 
provision to the organism is not restrained by any limitations in the 
function's capacity. 
The limits to the homeostatic capacities of some of the physio-
logical functions maintaining the balance between the metabolism and 
the physical work have also been identified, as described in Table 14, 
p 11r~. When there is no further capacity for adequate response to 
maintain this balance, the continued additions to the external physical 
work result in distortions of the linear relationships that character-
ise the normal linear work states. Less than adequate phYSiological 
responses result in negative quadratic trends in the relationships with 
the levels of work. As this appears in the responses of a particular 
physiological mechanism during a work task, that mechanism will be 
limited in its contribution to the further maintenance of the metabolic 
stability. The adequate transport of the metabolites for the exercis-
ing muscle will become the responsibility of other functions in the 
overall physiological system. These latter functions may be more 
"expensive" to maintain. The point is returned to later. 
Thus disequilibrium identifies a limitation upon a factor. However 
such restrictions on normal metabolism are not always caused directly 
by deficiencies in the metabolic chain. In some cases there is an 
external effect upon the metabolic state which thus affects the metabol-
ism. Blackman (1905) observed the influences upon the attainment of 
optima in a number of biological processes including the carbon assimi-
lation of laurel leaves, the rate of growth of bamboo and the spore for-
mation of Saccharomyces pastorianus. He described "limiting factors" 
that can restrict the metabolism and differentiated two groups, (1) 
"conditions of supply of material or energy" and (2) "tonic conditions 
that affect only the rate of metabolism". 
In the present situation it is clear that metabolic limitations 
may occur, for example, in the first case as a reduction in the partial 
pressure of oxygen available at the alveoli or in the second case, as 
a rise in the body temperature. In both instances there will be a 
range in which homeostatic adjustments can be made adequately but as 
the magnitudes of the limiting factors increase so this range will de-
crease. Fry (1947) utilised this aspect of the definitions of Blackman 
op. cit. to study the effects of the environment on the activity of 
fish. The total range of influence of the limiting factors was' divided 
into zones which described the responses of the animals to a particular 
level of a factor. In typical conditions, over much of the range of 
activity there is a zone of tolerance 
"in which the animal will never die from the effects 
of that identity alone." 
Beyond this zone there is a zone of resistance, 
"in which the animal will ultimately succumb to 
the effects of the identity in question, but in 
which it can resist this lethal effect for a 
period of time which is a function of the level 
of the identity." 
Thus in the metabolic processes of the plant, the fish and the 
human, conditions of equilibrium with the environment, conditions of 
increa2ing disequilibrium under defined groups of limiting factors and 
conditions of fatally excessive imbalance can be identified. 
In the present study of human work, the ranges of the zones for 
the first two conditions have been defined mathematically. The result 
of this definition shows that the onset of disequilibrium approximates 
to a serial ordering of the functions. In the ventilatory measures 
the end of the zone of tolerance of the oxygen fraction is normally 
situated half way through the work range. For the oxygen consumption 
this occurs close to the end of the range of work levels and in most 
cases a zone of resistance is not seen in the ventilatory volume. At 
first the oxygen necessary for the muscle metabolism is obtained mainly 
through increased diffusion' fromihe volume of air taken into the lungs. 
While there is some rise in this ventilatory volume at this time, the 
range of approximately twenty to forty litres per minute is quite low. 
Some of the increaseia the fraction of oxygen extracted is due to this 
rise in the volume, for it reduces the proportion of the inspired air 
that remains in the ,.·anito~ical dead space of the lung. , However, 
as Cotes (1966) states, the true diffusion capacity measured so that 
this 'error' is excluded, still shows an approximately 80% increase 
during graded exercise. This is of approximately the same order of 
magnitude as the changes seen in the oxygen fraction in the present 
work and as discussed later, much of the change in the oxygen fraction 
appears to be attributable to the diffusion function. With higher 
work loads there are no further increases in this measure of the propor-
tionvof-oxygen diffusing; the oxygen fraction moves to a zone of 
19'r 
resistance. Then the oxygen provision is maintained for some time 
by continued increases in the ventilatory volume to levels of perhaps 
higher than one hundred litres per minute. 
Thus comparative efficiency differentiates the zones of these two 
mechanisms for the provision of oxygen. At first with increasing capa-
city for diffusion there is an increased uptake of oxygen with only a 
small energy expenditure by the respiratory musculature. As more of 
the permeable surfaces of the lung are exposed to gas exchange. there 
is additional work from e.g. the intercostal muscles and the diaphragm, 
but this respiratory work requires little additional oxygen provision 
in comparison with the later stage. When the zone of resistance in 
the capacity for the diffusion of oxygen is reached, the necessary 
ventilation of the lungs with higher volumes of air results in signifi-
cant increases in the energy costs for the respiratory work at this 
stage. Bpje (1944) and Milic.-Emil:te et al (1962) showed that this was 
so for increases in the respiratory rate. Delhez et al (1968) reported 
that the e.m.g. activity of the thoracic respiratory muscles was less 
than that of the diaphragm at a level of physical activity that might 
be classed as the normal linear work state. At maximum work capacity 
this was reversed. The increased neural activity to both groups of 
muscles indicates increased oxygen requirements for the respiratory mus-
culature at that time. ~is point is given further support when the 
interrelationships of the variables are discussed later. The increased 
cost decreases the utility of increases in the overall uptake of oxygen. 
The changes in the ventilatory measures are serially ordered on the 
basis of efficiency, that is "the ratio of the useful work done to the 
total potential energy of the fuel used". Bell et al (1965:165). The 
more efficient mechanism is fully utilised first; then the further pro-
~ion of oxygen takes place through the action of the less efficient 
process. 
It would be appropriate to apply this hypothesis to the cardiac 
responses. Unfortunately no measures of the stroke volume are avail-
able. There is support from the literature reviewed earlier LWilliams 
et al (1962). ~strand et al (1964) and Jones et al (196417 that the 
increases in the stroke volume pass into a zone of tolerance early in 
the work. when the heart-rate is at approximately 110-120 beats per min-
ute. This stroke volume response of the heart would correspond in 
serial ordering to the similar responses at the lung. if the latter are 
indicated by the capacity for diffusion. Also the volume change of 
the stroke of the heart is a highly efficient way of increasing the car-
diac output. Sarnoff et al (1959) clearly showed this with the isolated 
supported dog's heart. In that study the myocardial oxygen uptake 
increased only slightly when the cardiac output was due to increases 
in the stroke volume. in comparison to the energy costs of the cardiac 
output under increased heart-rate or with increased systolic pressure. 
Thus the homeostatic adjustments to work for the heart and for the lung 
at first occur primarily through increases i~ the provision per cycle. 
In both cases this more efficient process is the first to pass into a 
zone of resistance. with the maintenance of increases in the metabolism 
from then on occurring through the less efficient increases in the rate 
of the cycles. 
Accordingly. when disequilibrium appears in the stroke volume. the 
cardiac output is maintained by increases in the rate of contraction. 
The statistical analysis shows that a negative quadratic function later 
appears in the relationship of this heart-rate response to the increasing 
work. The average percentage of the range of work levels at which this 
occurs is seventy-two per cent. with a spread from forty-two to one 
hundred per cent. as shown in Table 14. p J4~. It is not at all clear 
that this break-away point identifies the onset of homeostatic disequil-
r-
I 
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ibrium. If the reports on the changes in stroke volume are even approxi-
mately correct, it is difficult to believe that for some healthy sub-
Jects there is incapacity of the heart to meet the metabolic demands 
over as much as the final fifty to sixty per cent of the range of the 
levels of work. If the possibility of such severe cardiac incapacity 
is rejected, then either the changes in the heart-rate do not indicate 
the changes in the cardiac output or there are other limits on the rate 
of response of the heart and in part it is these that are being uncovered 
by the statistical analysis. This is discussed below. It is clear 
that the hypothesis about comparative efficiency can not be tested with 
the present data on the cardiac response. 
To further probe the cause of these quadratic functions in the heart-
2 . 
rate (HR ), they were compared with the values for the other measures 
taken. In the multivariate analyses common variance for this measure 
is found mainly with the oxygen fraction and work responses, together 
with the linear rate of change in the heart-rate. Tables 30, p I~{" 
2.2, p 171, and 29, p 1'01r, show this clustering of variance. A large 
2 
negative HR is clearly associated with reduced maximum ability for work. 
It is also related to a high rate of change in the heart-rate in the 
linear state and with a low maximum provision of oxygen by the higher 
efficiency mechanism of the oxygen fraction extracted. There is also 
some involvement of a larger HR2 with a higher rate of development of 
limitation in this oxygen fraction. As can be seen by the Factor V 
in Table 30, p I~&, the linear rate of increase in the oxygen fraction 
and the maximum oxygen fraction are much more important associates than 
the measures of the later limited state of 02F. 
, 
This does not appear to be a demonstration of a lacf of oxygen to 
the myocardium through the incapacity of the oxygen uptake of the lungs. 
The high rate of limitation in the heart-rate is associated with a high 
linear rate of change in the oxygen uptake and a high linear rate of 
change in the ventilatory volume. Per unit of work more oxygen is 
taken up through higher volumes of air in subjects who will eventually 
show higher quadratic functions of the heart-rate. The mean work per-
2 
centage point for the onset of HR was 72%, SD 16, whereas the maximum 
oxygen uptake was not reached on average until 90% of the work range 
was completed (SD 10). Thus the quadratic heart-rate starts to develop 
when there is still capacity to increase the overall oxygen uptake. 
Also, the correlation between the work point at which the oxygen fraction 
moved into a zone of resistance and the work point at which the lJR2 was 
first identified is non-significant (r = 0.29). Thus there is no indi-
cation that oxygen provision at the lungs is insufficient to allow ade-
quate heart-rate response. Neither does the cause appear to lie in 
the maximum volume of air in the thorax. Although the size of the rate 
of change in the ventilatory volume is strongly related to the degree 
of curvature in the heart-rate, the maximum ventilatory volume does not 
where,lJR2,loads highe~t, 
load on Factor V of Table )0, p IS&,/and'in the simple correlation shows 
no relationship, there being a coefficient of 0.045. Upon a further 
possibility, it hardly seems conceivable that the curvature is due solely 
to a gradually increasing utilisation of some of the remaining reserve 
volume of the heart. Although this could increase the stroke volume 
and maintain the cardiac output it would be a very finely regulated 
mechanism being demonstrated by the least competent of the performers. 
On both issues this seems unlikely. 
It is not clear how to interpret the interrelationships found in 
this factor. It is probable that more than one cause underlies the 
curvature that has been identified. Some of the quadratic functions 
that occur early in the work may be the result of the neural control. 
If the initial higher rates of change in the heart-rate in its linear 
work state were over-compensations by the sympathetic innervation, later 
vagal control may have been reasserted to restore the line of the rate 
tosl< 
of response to its "wor~' position. Later in the work ta% there may 
be further utilisation of the remaining reserve volume in some performers. 
If the rising rate of contraction per left ventricular volume per systo-
lic pressure arrived at a level of efficiency marginally below the effi-
ciency of additional ejection of some of the remaining volume this would 
account for the quad~atic curvature later in the work. Perhaps near 
the end of the work there is not the mechanical capacity to continue to 
increase the rate. Also if the control of the circulation only pro-
duces gradual modifications in the volume of the venous return to the 
heart. by Starling's law this could account for differences in the stroke 
volume ejected and hence the heart-rate required to maintain the neces-
sary cardiac output. In addition, the metabolic state of the heart at 
exhaustion is not clear as the oxygen uptake data from the hmg function 
is relative to the total body demand rather than specific to the myocar-
dium. From the data collected to answer the problems of the study fur-
ther attempts to solve this new issue will not be made. It may be noted 
that the maximum heart-rate has not been discussed. This is intentional 
for it does not much relate in either the single or multivariate analyses 
to the rates of change in the heart-rate. It will be discussed later. 
One of the major points arising from the multivariate analysis of 
the interactions between the measures is the large proportion of common 
variability found in the measures of the extraction of oxygen and the 
maximum work ability. In the present sample the size of the rate of 
change in the oxygen fraction and the maximum value for the cuter range 
of the zone of tolerance for this measure are proportionally related 
to the work abUi ty. Where high work ability is associated in this 
way with a high fraction of oxygen extracted, the linear rates of change 
in the ventilatory volume and in the oxygen consumption are lower. 
Thus good ability to provide oxygen by the higher efficiency mechanism 
results in smaller changes in the less efficient increase in the volume 
I 
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of air ventilated per standard increase in the level of work. This 
high efficiency provision is seen in a lower rate of change in the vol-
ume of oxygen required ,to maintain an adequate homeostatic adjustment 
:f. m to the overall load of work. In addition to O~ and 02F • that is 
the measures of the tolerance zone. the maximum work ability is also 
significantly related to the rate of reduction in the oxygen fraction 
2 
extracted (02F ) when this function moves into the zone of resistance. 
Such high ability to resist limitation. seen as a lower negative quad-
ratic coefficient for the oxygen fraction curve. also characterises 
those performers Who can continue to high final work levels. As shown 
in Table ;31,. p :l.51. these three statistics that describe the curve of 
the oxygen fraction extracted. have a multiple correlation of 0.93 with 
the work ability variable. The maximum oxygen fraction and the nega~ 
tive quadratic coefficient of the oxygen fraction when combined corre-
late 0.89 with the work ability. But they do not correlate at all 
with each other. These measures are the most important predictors of 
the work ability in this sample. 
The possible causes of these variations in the ability to extract 
oxygen over the zone of tolerance and of variability in the rate of 
maintaining the maximum fraction of oxygen extracted when the function 
passes into its zone of resistance are considerable. The main possi-
bilities are: 
1. The permeability of the 
alveolar - capillary barrier. 
This includes the - alveolar and bronchiole membrane 
- acqueous fluid lining the alveoli 
- capillary and arteriole endothelium 
- blood plasma 
- wall of the red cell 
- intracellular fluid. 
2.01 
2. The distribution of air in the alveoli. 
3. The distribution of blood in the capillaries 
4. The volume of blood in the capillaries 
5. The oxygen pressure of the blood in the pulmonary artery. 
This includes the - oxygen pressure in the venous return 
from the exercising muscles 
- proportion of the total blood volume 
perfusing the exercising muscles 
- concentration of the haemoglobin 
- buffering capacity of the blood 
- rate of dissipation of the heat from 
the working muscles. 
Taking first the variability in the zone of tolerance (02F1 and 
02Fm) there is support for identifying it with certain of the factors 
above. The haemoglobin concentration may be discounted. for it was 
measured and the only deficiency was in three subjects who were slightly 
below the physiological optimal. The fraction of oxygen extracted 
involves the diffusion capacity of the lung and the latter has been 
associated particularly with the third and fourth possibilities. the 
distribution and volume of blood in the pulmonary capillaries. Where 
the 02F is an overall measure. the diffusion capacity is usually expresied 
in mls/min/mmHg gradient of pressure across the alveolar membrane. 
This takes account of variations in the arterio-venous difference. 
Bates et al (1955). Heinonenet al (1958) and Bannister et al (1960) all 
~ 
found differences between the exercise diffusion capacities of athletes 
and non-athletes. NeWman et al (1962) found differences similar to 
those above but these were not significant but in this latter case the 
quality of the sampling of the subjects was questioned. Bates et al. 
op. cit •• using the diffusion capacity for carbon monoxide. suggested 
that the important determinants of the level of this capacity were pro-
bably the nature of the pulmonary membrane. the kinetics of COHb form-
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ation and the distribution of the pulmonary capillary blood. Newman 
et al (1962) favoured the latter and Bell et al (1965) felt that the 
consensus of opinion was that the volume and distribution of the blood 
in the pulmonary capillaries was the important variable in normal dif-
ferences in the diffusion capacity of the lung. Cotes (1966) supports 
this, proposing that the change in the diffusion capacity in exercise 
is "probably the result of an increase in cardiac output" and speculat-
ing whether in the athletic performers this accounts for their differ-
entiation from the non-athletic subjects. To the degree that the two 
measures are related, this appears to be an important variable in account-
ing for changes in the fraction of oxygen extracted during exercise, 
but without further experimentation it is not possible to discount some 
of the other factors yet. 
Bannister et al (1960) found that there was a significant differ-
, 
ence between the athletes and non-athletes in the diffusion capacity 
per k.cal energy expenditure per minute during exercise. The values 
for the, athletes were higher. ' Newman et al (1962) trained one subject 
for five days per week over 16 weeks. The subject's diffusion capacity 
for a "standard ~ minute exercise test which was ..... at a constant 
fai:Hy severe level of work" remained the same but the values for the 
ventilatory volume, the oxygen uptake~and the heart-rate fell markedly. 
This suggests that the work test was of a higher level than that required 
to elicit the maximum diffusion capacity. In both cases adaptation 
occurred to ~lize the function that is the more efficient way of 
obtaining oxygen. In Bannister's study, at a constant energy expendi-
, 
ture the groups were differentiated by diffusion capacity. If this 
is applicable to oxygen diffusion capacity, then the ventilatory volumes 
were lower in the athletic group. In the second case, after training, 
the response to a fairly severe task was seen in the maintenance of the 
level of diffusion capacity and the reduction of the ventilatory volume. 
" 
In this latter experiment the reduced overall oxygen uptake demonstrates 
the increased efficiency. 
When the significance of the oxygen fraction began to appear in 
the present results the author was intrigued by the same idea as that 
\ 
of Bates et al (1955) who felt, 
"it is intriguing to speculate whether a man is 
athletic because he is capable of a great increase 
in diffusing capacity, or whether he improves his 
diffusing capacity with exercise." 
Newman et al (1962) attempted to provide a partial answer in the study 
.. , 
above. To attempt to solve this issue of nurture versus nature, cycl-
, . 
ing coaches have been asked to send 'naive' cyclists to the laboratory 
before starting to train them. So far only one has been studied. 
The maximum oxygen fraction that this subject extracted during the first 
work trial in the untrained condition was 3.8%, much lower than the 
values reported in the present study. Six months later after training, 
a value of 4.5% revealed an improvement that was beyond the range of 
measurement error and which brought the response into the lower range 
of the scores of the subjects reported now. It is probable that the 
extraction of oxygen improves with training; there may also be 
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As well as greater ability in the zone of tolerance, the better 
work performers showed greater resistance to limitation in the oxygen 
fraction extracted in the zone of resistance during the later stages 
of work. 2 The grouping of variables about this 02F statistic in the 
multivariate analysis showed that this provision of oxygen with increas-
ing limitation was a separate dimension of the variance in the measures. 
As can be seen in Factor III of Table 22, p 111 , and Factor lIof 
Table 28, p IS2, the size of the quadratic coefficient of the oxygen 
fraction is associated with the similar coefficient for the oxygen con-
sumption. This is expected. The question may be raised of why the ~ 
values for the expired air oxygen fraction fall more rapidly from the 
maximum value in some of the subjects and how this is associated with 
poorer work ability. The list of variables proposed to account for 
the tolerance characteristic of the function could be applicable again. 
However it should be noted that the tolerance statistics and the limited 
state statistic are not correlated. The zero order coefficients between 
1 m 2 Or! and Or! on the one hand and 02F on the other are shown in Table IS, 
, 
p /63 • ITherefore the same cause should not be attributable to account 
for the variability in the measures of the two states. It is most 
, 2 
likely that the variability in Or! is caused by some of the factors 
in group 5 of the earlier list, those affecting the curve of the disso-
ciation of oxygen in blood. One possibility lies in the very signifi-
cant association of a high linear rate of increase in the oxygen con-
sumption with a high limitation in the oxygen fraction. If the former 
is due to untrained muscular work in excess of that required to perform 
the task, it will result in an increased PC02 in the venous return and 
an increase in the heat energy from the unnecessary muscular activity. 
Such work in the less competent performer has been demonstrated by 
/ 
Haml~ et al (1968). /These limiting factors of an increase in both 
the temperature and the partial pressure of carbon dioxide in the blood 
, l 
would cause the oxygen dissociation curve to shift to the right, with 
, I' . ' .. 
In addition Barcroft (1931) point;d out that in severe e<eercise'-:' -
the elimination of CO2 at the lungs can proceed at a faster rate than 
its production at the muscle. This would work in the opposite direc-
tion to maintain the homeostasis of the blood and thus restrict the 
degree of limitation in the oxygen fraction. But Bell et a1 (1965) 
remark that 
"Even when the lungs are normal, respiratory 
acidaemia can occur if the sensitivity of the 
respiratory centre is reduced, for example by 
morphine or barbiturates." 
It is possible that if there were a naturally reduced response of the 
.. 
respiratory centre to changes in the PC02, P02 or cH of the blood, 
reduced ventilation would occur and the alteration in the oxygen dissoci-
ation curve would be increased due to the failure to adequately e1imi-
This would be seen in a reduced ventilatory volume. There 
is a significant correlation (0.478) between low maximum venti1atory 
volumes and high degrees of quadratic curvature(in the oxygen fraction 
in the present measures. While there is no direct indication that this 
has central aetiology, a little support is provided in the next impor-
tant set of interactions to be considered below. Before passing to 
that discussion, it may be noted that the rate of reduction in the 
oxygen fraction is positively related to the hydrogen ion concentration 
in the blood at exhaustion; 2 that is, as the negative coefficient, 02F • 
grows smaller, the hydrogen ion concentration increases. The former 
is referring to the ~ of reduction. When the overall fall in the 
oxygen fraction from the maximum value to the final exhausted state 
value is correlated with the blood cH at exhaustion this shows a very 
significant positive correlation of 0.643. If this was corrected for 
attenuation due to the unreliabi1ity of the two measures, the 'true' 
correlation would approximate 0.80. This is what would be expected. 
The discussion so far has only briefly mentioned the mental state. 
It is appropriat~ now to consider the relevant information. Fig. 26, 
p IJr2. and Fig. 25", p IS?, clearly show that there was a meaningful dif-
ference in the mental attention between the ncrmal linear and the end~ 
of the limited work states. The time taken to respond to a change in 
:).{)b 
the pressure on the tibia and the amplitude for the initial threshold 
to a pure tone both altered significantly between the assessment in the 
linear work state and the assessment in the limited condition close to 
incapacity. (The t statistic for the differences between the scores 
in the two conditions was significant at p <: .001 in both cases.) These 
changes of the thresholds of awareness in the two peripheral sensory 
channels, indicated the probable involvement of a central mechanism, 
suggesting that the imbalances in the metabolic condition involved the 
more central processes of the nervous system. For this hypothesis there 
is further support in the multiple interrelationships of the measures 
of the mental state. TIP major groupings are~, important. The first 
is identified by Factor IV, 'Attention', in Table 30, p Iffb. The two 
highest loading variables are the changes, noted above, in the just-
noticeable-difference in pressure and in the initial threshold for a 
pure tone. Both these measures were obtained during the cycle ergo-
meter work tasks by comparing the responses to these low level stimuli 
in the normal linear work state and near the end of the limited work 
state. This involved at least two work trials to exhaustion, with 
different sensory modes and body sites being involved each time. The 
Factor of Attention also contains some of the variance of the personal-
ity variable of extraversion and the variable of toleranceJllr ischaemic 
work. Both of these latter measures were obtained away from the ergo-
meter work task as described in Fig. 14, plOD, one before starting 
work and the other after the recovery from exhaustion. Thus measures 
obtained from stimuli of widely different magnitude, at different body 
sites and from three different situation$,one on the work task, one 
'-away from the work task but still in the laboratory and one made up of 
a.07 
the day to day life environment, were all found to load on the same fac-
tor. The original theoretical basis for using the different measures 
may account for these different variables having common variance. All 
may involve the selection of sensory stimuli through a filtering action 
such as that described for the reticular activating system of the brain 
stem. The measures of attention during the work task were developed 
on this hypothesis. It was proposed that due to the generation of 
nociceptive stimuli at exhaustion there should be differences in such 
attention between the two metabolic states. In directing the attention 
away from these unpleasant stimuli, other stimuli of low significance 
would also be ignored. These differences have been demonstrated. 
The differences were expected to relate to differences in the work abil-
ity as it was expected that performers with higher work ability would 
maintain attention away from higher levels of nociceptive stimuli, and 
thus also from concurrent stimuli of low significance. The first fac-
tor of the factor analysis of the psychophysical variables, Table ~7, 
p I~O, describes such a relationship, as do the multiple regression 
analyses of these variables, Table 211:- and 23, pages 175 and 174-. Also 
. ( 
there is support for the association of the tolerance for ischaemic work 
with a factor for central nervous filtering, for Melzack & Wall (1968) 
suggest that a "central control trigger" may moderate the perception 
of pain by acting both in the brain and at the first sensory synapses 
in the dorsal horns of the spinal cord. Further, Eysenck (1963) has 
tentatively identified the personality variable of extraversion with 
the reticular activating system, adding more support to the possibility 
that this is the underlying function. It may be that the importance 
of a group of stimuli of particular significance (those effecting the 
work task) resultsn other impulses of less importance being unattended 
to. The former has not been assessed and it could be that for periods 
of-time there is inhibition of the transmission of all afferent impulses 
to the cortex. If the first proposal is correct it would be very 
characteristic of the function of the thalamic reticular nuclei, which 
may be the source for semi-specific excitation and inhibition of sen-
sory impulses, as described by Lindsley (1957). If the latter more 
generalised inhibition occurs this would be in keeping with the func-
tion of the brain stem RAS reported by Moruzzi &: Magoun (1949) and 
Wllson (1967). 
If these associations are sound, there is also validation for 
Eysenck's theory of the basis of extraversion (1957), for his original 
postulate quoted earlier in Section One of this dissertation is percep-
tive. Extraverted individuals were hypothesised to develop strong 
inhibitory and weak excitatory CNS potentials to sensory stimuli. In 
the present multivariate factor high inhibition of peripheral sensory 
stimuli at the end of the limited work state is associated with higher 
extraversion scores. As stated above it is not possible to decide 
whether this is a factor describing the generalised inhibition of the 
sensory input or whether selective inhibition of the impulses occurs. 
It is to the former that Eysenck (1957) ascribes the continuum of extraver-
sion. 
It is most difficult to be sure when making ge~isations from 
these measures of behaviour to their underlying initiation and control 
in the central nervous system. Notwithstanding this, the action of 
the reticular activating system is suited to account for the common 
variability in the measures discussed above. 
In the overall analysis shown in Table "30, p I'i/(" the factor of 
the filtering of low level sensory impulses by the HAS also contains 
three measures of the metabolic condition. They are the quadratic 
coefficient for the fraction of oxygen extracted, the concentration of 
the hydrogen ions in the blood at exhaustion and the maximum volume ot: 
air expired. Smaller negative coefficients in the oxygen fraction associate 
with larger limiting factors, for the overall reduction in the oxygen fraction 
, 
is larger in these cases, as discussed earlier. Such limitations will 
stimulate ventilation both indirectly and directly. Changee in the 
P02, PC02 and cH of the blood perfusing the carotid and aortic bodies, 
as described by HeymanSet al (1930) and Comroe (1939) initiate impulses 
to the respiratory centres in the reticular formation of the medulla. 
Adequate changes in the PC02 of the arterial blood will also directly 
stimulate the intracranial chemoreceptors as described by Mitchell 
(1963). Mitchell (1966) states that when the pH in exercise falls 
below approximately 7.3, the total change in the lung ventilation derives 
from the nervous activity of both the peripheral and the central chemo-
receptors acting upon the respiratory centres in the reticular formation 
of the medulla. There is a good deal ofoortlcofugal influence upon 
this site. Thus there is a rationale for considering that the integra-
tion of these respiratory controls in the HAS may interact with its fun-
ction as a biological filter and that this may provide a link between 
the measures of the mental state and the measures of the metabolic con-
dition. As Cotes (1968) states, 
"The activity of the respiratory reticular formation 
is related to the level of excitation of the brain 
stem as a whole; this level therefore influences 
ventilation. During sleep and anaesthesia and 
following appropriate hypnotic suggestion there is 
a diminution in the level of central excitation; 
this causes a reduction in respiration. During exer~ 
cise there is an increase in the activity of the central 
nervous system which probably stimulates breathing." 
In the present case it is suggested that the high levels of PC02 
and cH and the lowered P02 will affect the HAS centre for the control 
of respiration and that this is seen in the higher maximum ventilatory 
-volume. 
2 . 
The measures of cH, 0-J! and VE m share common variability on 
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the factor that is proposed to describe the action of the HAS as a 
filter on sensory impulses, although it should be noted that the load-
ings of the metabolic variables are only moderate. This cornrnonal1 ty 
supporting the statement of Cotes above is illustrated in Fig. 30, p~' , 
and shown in Factor IV of the overall analysis, Table ~O, p I if, . It 
leads to the circular argument illustrated at the bottom of that figure; 
this is a position from which only a tentative extraction can be made 
at the present time. It is tempting to propose that (a) the RAS filter 
of sensory impulses allows inattention to the metabolic disequilibrium 
resulting in (b) a tolerance for a higher partial pressure of carbon 
dioxide in the arterial blood and that this leads to (c) an increased 
stimulation of the ventilatory response. However, the possible initi-
ation of this interaction at a different point in the chain cannot be 
overlooked. 
There is evidence for the possibility of starting at anyone of 
the three points. Dell (1964) studying the overall homeostasis of 
the HAS reported that "the momentary condition of the circulatory and 
respiratory constants plays a major part in the adjustment of the level 
of reticular activity". Increases in PC02 produced e.e.g. changes 
interpreted as intense arousal states in the animal cortex. Harter & 
Lansing (1967) demonstrated a related effect with behavioural measures 
on the human. The inhalation of carbon dioxide produced changes in 
the alpha rhythm of the e.e.g. and in the reaction time, leading to the 
proposal that there were "low levels of CO2 decreasing cortical excit-
ability, intermediate levels increasing cortical excitability and high 
levels decreasing cortical excitabil1 ty". This would be part (b) in 
Fig. 30, P~/' , the partial pressure of the carbon dioxide affecting 
the central nervous state. Henderson (1910) showed the effects of an 
alteration in the sensory input upon the ventilatory response, for pain 
stimuli increased the ventilatory volume and altered the ventilatory 
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pattern. This would be part (a) the filtering of the sensory impulses 
acting on (c) the stimulation of the respiratory response. Further, 
Neil cl: O'Reagan (1968) have recently shown that there is an efferent 
, 
pathway to the carotid body so that its afferent flow can be inhibited. 
Thus corticofugal influences can affect the transmission of information 
about the changes in (b) the partial pressures of the blood gases. 
It is not possible yet to clarify further these interrelationships of 
the RAS and the peripheral receptors but it can be seen that there is 
support for the interconnections shown in Fig. 30. 
There is a similar result from the consideration of the next factor, 
Factor II of the overall factor analysis, Table 3Zl, pIU,. In the 
analysis of the psychophysical variables this was the factor of Pain 
Tolerance, Factor Ill. Tolerance for the pressure on the tibia and 
tolerance for the work of the ischaemic forearm each loaded 0.86 on this 
factor. In the overall analysis these two variables are joined by the 
maximum ventilatory volume. The size of the tolerance scores is in 
proportion to the size of the maximum responses in the ventilatory vol-
ume. An appropriate interpretation of the interrelationship of these 
three measures may again be the common neural filtering mechanism, dis-
cussed above. The present factor may be related to the tolerance for 
the magnitude of stimuli. Melzack cl: Wall (1968) have proposed the two-
tiered gate control theory for pain, as described above. They hypo the-
sised that inhibition occurs in two ways, through interaction of the 
afferent impulses at the dorsal horn of the cord and through the ~entral 
control trigger'. It is feasible that such a central control is also 
involved in regulating the maximum value for the volume of air being 
forced through the lung per unit time at the end of exhausting exercise. 
There are ample mechanisms to provide such information, with impulses 
being transmitted to the reticular formation from stretch receptors. 
receptors sensitive to airway diameter and receptors in the respiratory 
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muscles, as reviewed by Cotes (1968). It also appears:-tnat"mUltiple-
synapses : . connect this information and the primary respiratory centres 
in the medulla with centres in the mid and upper pons and with higher 
levels of control. Thus there is the opportunity for a common fil ter-
ing of the information from the three variables loading on this factor, 
giving support for its identification with the moderating action of 
the MS. 
The assessments of the mental state have relevance to the work 
ability. The strongest relationships are between the measures of the 
changes in the thresholds of awareness and the work criterion. In the 
separate analysis of the psychophysical variables, the best predictors 
of work are the measures of the changes over the two work states in the 
just-notice able-difference in pressure on the tibia and the change in 
the initial threshold for a pure tone. The multiple correlation with 
the work criterion is 0.71. As might be expected, this common variance 
is the basis of Factor I in the factor analysis of the psychophysical 
variables, Table 27, p/gO. In the overall analysis shown in Table 60, 
p/~(, , these measures of selective attention are again associated with 
the work criterion, loading meaningfully on the general factor of Work 
Ability. Also the ~JND is the fifth most predictive variable in the 
overall analysis of the multiple regression on work ability. The pos-
sible unde~ly1ng cause of the association of these variables has been 
discussed above. The neurophysiological theory of attention was the 
basis for developing the behavioural measures of attention. The filter-
ing action of the reticular activating system is central to that theory 
and upon its function changes in the measures over the two physical wOTk 
states were hypothesised. The hypotheses are supported in that there 
is filtering of such peripheral stimuli as the subject reaches exhaustion 
and the subjects with the higher maximum work abilities more rigorously 
- select. As the more normally distributed of the measures of attention 
""''1" 
relates significantly to the 1e~~L of the blood cH+ at exhaustion it is 
possible that the nociceptive impulses from the Changing metabolic state 
are also unattended to, thus allowing more severe metabolic disequili-
brium to occur. This lends support to the concept that it is the func-
tion of the RAS that is involved. Again, however, it is difficult to 
identify directly the neural interactions in the brain. 
It is noteworthy that the extraversion personality variable does 
not associate with the factors of work ability and RAS function, whereas 
it was a part of the earlier more complete factor describing some aspects 
of this filtering of the sensory input. This may be accounted for when 
cyclists 
the nature of the subject population is examined. The/,voluntarily 
race alone for long periods of time (even up to twenty-four hours) and 
the rules of their racing forbid even close physical presence for compe-
tition with another rider. Thus it is not remarkable that the group 
tend a little to the intraverted end of the continuum or that the extra-
version factor, Whilst associated with the RAS, does not load on the 
factor of work ability and the RAS. 
There is only a little involvement of the work ability with the 
, 
measures of tolerance. Factor III of the factor analysis of the psycho-
physical variables, Table 21, p Illo, has high loadings for pressure 
tolerance and ischaemic work tolerance of 0.86 but the work variable 
only loads 0.24. In the overall analysis this reduced to a loading 
of 0.56 for the variable of ischaemic work tolerance on the fifth factor, 
which also involves the work criterion. This is a poor contribution 
to the description of the capacity for physical work compared to that 
provided by the measures of attention and adds further support to the 
division of the measures of the mental state into two factors, one for 
the selection of low level stimuli and one monitoring the magnitude of 
the stimulation. 
~It is now appropriate to generalise the concept of efficiency 
J./5 
beyond the metabolic chain. Metabolic disequilibrium was associated 
with reducing metabolic efficiency. In these zones of resistance this 
change in efficiency is accompanied by reductions in the efficiency of 
the CNS to monitor the many stimuli of the environment. The threshold 
of the response to low level sensory stimulation is raised at this time 
and the human is unaware of some of the impulses to which there is 
normally perception and response. This may be due to the overall in-
hibition of much of the sensory input or may be a selective process where 
the stimuli concerned with furthering the task are perceived and other 
afferent impulses, including the increasing nociception from the meta-
bolic disequilibrium, are ignored. Whichever is the appropriate model 
it can be seen that the concept of reducing efficiency with increasing 
disequilibrium involves also the state of the central nervous system. 
This constitutes a limiting factor of the second of the conditions of 
Blackman (1905), that of a tonic condition affecting the state of the 
metabolic process, for eventually by limiting the time for performance, 
it allows restitution of the disequilibrium to be made. 
Another such limiting factor may be contained in Factor III of the 
, , 
overall analysis in Table '30, p Ig6, the factor of 'Heart Load'; it is 
possible that this should be titled 'temperature regulation', for this 
/> 
may be the basis of the factor. Regrel;taJiy, measurements of the tempera-
, ), 
for funds were not available 'for this. 
ture of the body core were not maaejj Factor III relates a higher maxi-
mum heart-rate to a lower proviSion of oxygen by efficient diffusion, 
a lower maximum oxygen consumption, and a lower concentration in the 
blood hydrogen ions at exhaustion, together with lower work ability. 
It does not appear that these subjects were limited by inadequacy in 
• 
the provision of oxygen to the working muscles for there is a high nega-
tive loading for the concentration of hydrogen ions in the blood at 
exhaustion. Rather than searching for the meaning of the present 
dimension by considering a limiting factor in the supply of oxygen, it 
may be more fruitful to hypothesise that the limit is a variable of the 
'tonic conditions'. The body temperature is such a condition. When 
the body core temperature rises, either from ambient environmental heat 
or from muscular effort, the heart-rate accelerates beyond the rate 
needed for the provision of oxygen. Christenssen (1953) has described 
the first effect; Hamley & Sen (1968) have recently refocussed atten-
tion on the second. Also Adam, Fox et al (1960) demonstrated that 
acclimitization to heat showed lower heart-rate changes to a standard 
change in the ambient temperature. Recent observations on two untrained 
subjects working to exhaustion in our laboratory, the naive racing 
cyclist reported above and a female athlete, have added support to the 
identification of a high maximum heart-rate with problems in heat accumu-
lation in the less able performer. With both of these subjects little 
visible sweating occurred during the work; normally the sweat runs to 
pools on the floor. The maximum heart-rates for 10 beats were 210 art1 
215 beats/min respectively. Also, in the latter case no significant 
change in pH was observed and no asymptotic values were obtained for 
the maximum oxygen fraction or the maximum oxygen uptake. Thus limita-
tions did not appear in the uptake of oxygen, for these functions did 
not pass into zones of resistance. However the high heart-rates and 
low visible heat dissipation suggest that the increasing temperature 
of the body might be the limiting factor. In addition, for some film-
ing for television a subject Who had taken part in the present study 
was used. In the experiment for the study his maximum heart-rate was 
201 beats/min. The filming eventually demanded three runs to exhaustion 
with about twenty minutes between each trial. The maximum heart-rate 
for 10 beats in the final trial was 225 beats/min. This increase was 
surprising for it was well outside the range of experimental error for 
that measure and may be attributable to the accumulating storage of 
heat over the one and a half hours' filming. On the basis of the load-
ing of the variables and the recent observations made it is proposed 
that Factor III in Table lO, p 11', describes the role of the circula-
tion in the dissipation of the heat energy from the muscular work and 
that the importance of this role as a limiting factor tends to be 
increased with performers of lower work ability. 
Cl./7 -
Little further common variability remains. Much emphasis has been 
placed upon the efficient provision ofax:ygen (O;!,l and 02~) in the meta-
bolic condition. That oxygen is provided by the less efficient mechan-
isms of increasing the ventilatory volume is confirmed by Factor II of 
the analysis of the physiological variables. The changes in the venti-
latory volume and the changes in the oxygen consumption are important 
contributors to the factor and the measures analysing the gas exchange 
are non-significant. The variability in the work criterion is not 
involved. Such a factor is expected although the absence of the work 
criterion may be surprising. Other small common sources of variabil-
ity identified in the separate analyses of the psychophysical and physio-
logical variables become redistributed in the overall analysis so that 
their identity is lost. This probably demonstrates a lack of support-
ing common variability from the complementary analysis with which these 
factors become involved in the final overall description. 
The foregoing points of the discussion, can now be integrated 
further. The condition of homeostasis is dependent upon the time over 
which the observations are made,for eventually disequilibrium will occur 
in all living systems. It is suggested that the entry into a zone of 
resistance establishes a finite limit to work whereas if all the functions 
are in tolerance zones no such limit can be identified. Accordingly 
for such disparate tasks as marathon running, twenty-four hour cycle 
racing, heavy industrial tasks and work such $ that of the present study 
it should be possible to establish the amount that disequilibrium of 
---the physiological systems is tolerable for the organism, by relating 
this to the necessary time durations of the tasks. From this il:' might 
be possible to study the degree of adaptation of the organism that 
might remove the finite limit by extending the zone of tolerance. It 
is clear that there is an hierarchical ordering of entry into the zones 
of resistance. Successive functions reach incapacity to make adequate 
homeostatic adjustments and the role of attempting to maintain the con-
stancy of the internal metabolic condition passes to other processes. 
This shift of the homeostatic role across the appropriate functions 
appears to be down a gradient of decreasing efficiency. Predominance 
of diffusion is followed by that of ventilation in the provision of 
oxygen at the lung; predominance of stroke volume is followed by that 
of contraction rate in the increase of the output of the heart. In 
both cases metabolic efficiency decreases as the second function takes 
up the homeostatic role. Further, in the early stages of the work 
the central nervous system monitors the physical stimuli of the environ-
ment much more sensitively than in the later stages of the work when 
the ,metabolic disequilibrium then results in additional afferent impulses. 
In this case the overall efficiency of the control system decreases with 
that of the metabolic efficiency. With increasing load, sacrifices 
in efficiency are made to meet the prior demand; not restitution but 
compensation occurs. 
Three statements follow: 
1. With increasing demand, homeostasis and disequilibrium 
are ordered hierarchically over the physiological and 
mental functions. 
2. When a demand may be met by a number of functions the 
most efficient is utilized, that is, the one Which 
requires the least energy for its own mechanics. 
3. The appearance of disequilibrium sets a finite limit 
to the satisfaction of a demand. 
} 
A second part of the integration of this discussion is the clari-
fication of the main dimensions of common variance that exist between 
the measures. It is clear that a number of variables associate with 
the continuum of the work ability. This combination was the principal 
component of the analyses, involving variables of both the metabolic 
condition and the mental state. Accordingly, both could be used to 
effectively predict the work ability. On the basis of the discussion 
of these statistics, the determinants of the work ability h«ve been used 
to reconstruct the model outlined in the introduction to the disserta-
tion, Fig. 1, p ~J. , and specified later as shown in Fig. 13, p llflf • 
The more precise model is illustrated in Fig. 31, pOlOl.O. In the zones 
of tolerance, the two measures of the state of the functions governing 
the diffusion of oxygen at the lung are important determinants. This 
is mainly lung diffusion capacity. In the zones of resistance the 
effectiveness of the inhibition of sensory impulses through the reticu-
lar activating system and the ability to restrain the chemico-physical 
factors altering the ,:" Fr(l<c.l:io .... . et, o ... ~sen-e:.lt.r·'f'ed,- are 
important determinants. In summary, the capacity for the provision 
of oxygen by the more efficient of the available systems, the resistance 
of this system to limitation, 
by the central nervous system 
and the inhibitory control of sensation 
of those studied 
are the primary-variables/that determine 
the maximum work ability in the defined population of subjects. 
These relationships were the major factor derived from the varimax 
rotations in the separate analyses of the measures of the metabolic con-
dition and of the mental state. When the measures were combined in 
the overall analysis this common dimension became so great that it 
reached the level of a general factor. seen in the first principal com-
ponent, Table 21, p 1&<1- • Accordingly it was destroyed by the rotation. 
There were advantages in this removal of the major relationships with 
th~ork ability for other dimensions of common variance could be seen. 
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Fig. 31 The primary measures that determine the ability for 
exhausting work 1n this time-trial racing cyclist 
population 
This was effective multivariate analysis. As Cooley & Lohnes (1962) 
state, 
"principal component analysis not only reveals how several 
measures of a domain can be combined to produce maximum 
discrimination among individuals along ... ,\ a single 
dimension, but often reveals that several independent 
dimensions are required to define the domain under 
investigation adequately (sic). If 
. 
In addition to the component of work ability, three further dimen-
sions were discussed. The first two of these concern the modification 
of afferent impulses. The magnitude of stimulation required to reach 
intolerable levels and the awareness of changes in the low level stimula-
tion at different stages in the work task form these two clusters of 
common variability. The filtering action of the reticular activating 
system is hypothesised to be the general basis for such functions. 
That two dimensions have been defined points to at least a dual selective 
action. Bearing in mind the probable involvement of a number of intra-
cranial receptors and centres for the control of respiration and circula-
tion and the existence of long afferent and efferent fibres both ascend-
ing, descending and passing to the cerebellum, together w1 th intrinsic 
fibres in both the reticular formation and the cord, it is likely that 
a number of dimensions describing different filtering actions could be 
identified. In behavioural studies the concept of the reticular forma-
tion as a biological filter has been too grossly used. Anatomically 
it is complex, referring to 
"the heterogeneous mass of cell bodies enmeshed in a 
network of dendrites and axons located in the central 
core of the medulla, pons and mesencephalon. It 
includes all the grey matter not belonging to cranial 
nerve nuclei, cerebellar relay nuclei and lemmiscal relay 
nuclei. It is an extension of the spinal grey matter. 
to Which it is ontegenetically related and anteriorly 
disappears into sub-cortical nuclei. particularly 
those of the diffuse thalamic projection system". 
Killam (1962). 
In addition the number and destinations of the projections are complex. 
In the present study two dimensions indicating an effect on low level 
secondary stimuli and on the control of respiration. and on the magni-
tude of stimulation are proposedw 
The third dimension remaining in the data after removing the gen-
eral factor was that denoting the thermal regulation of the body. While 
it was only tentatively identified from a probable excess over metabolic 
requirements in the response of the heart-rate. subsequent observations 
in the laboratory with suppo~ reports in the research literature 
make it likely that the factor is correctly identified. It would con-
stitute a limit:ng factor of the second type of Blackman'i; classifica-
tion. that is a limit in the tonic condition and it appears to constiw 
tute a zone of resistance for the subjects with poorer work ability. 
This leads to the definition of the limiting factors. Direct 
limits in the metabolic chain, i.e. of supply. were identified through 
1 m the relationship to work ability of the measures of 02F • 02F • cH and 
partly in the 02F2 statistics. where the latter decrement could be attri-
buted to increases in the partial pressure of carbon dioxide in the 
blood. • 1 In that the rate of change in the ventilatory volume. VE • 
indicated efficiency. this also defined a limiting factor of supply. 
There were also limiting factors in the tonic condition. due to 
heat retention. as suggested by the maximum response of the heart-rate. 
and due to the filtering of afferent stimuli in the central nervous 
system. The latter provided an obvious limiting factor through the 
deeTsion to stop work due to the nociception from the stimuli but also 
contained the less obvious suggestion that there was extension of this 
function to involve the control of respiration. 
It may be noted from this summary of limiting factors that there 
is only a little mention of the heart. This omission is attributed 
to the failure to measure the stroke volume, as this constituted the 
higher efficiency function for the increase of the cardiac output and 
in this study the higher efficiency mechanisms have been important deter-
minants. Also the limitations in the capacity to provide oxygen by 
the less efficient mechanism of increasing the volume of air breathed 
have not been discussed much. It is clear however that when the sub-
jects stopped exhausted, this mechanism was at the maximum value recorded 
in most cases and that in all cases it made a substantial contribution 
to the overall provision of oxygen. 
The limitations to exhausting work by the heal thy human can be sug-
gested from these factors. Probably there exists at least three levels 
of competence for such work, each level having its own characteristic 
limiting factors. (It is most likely that these levels and their limit-
ing factors lie on continua with intermingling of the limits at the 
outer ranges of the curves. The term level is used for convenience.) 
At the highest level of ability it is possible that the higher efficiency 
mechanisms of metabolism through training have all become adapted to 
close to a similar level. With such competence for work, the ability 
of the lower efficiency mechanisms might then become determining factors 
in the differentiation of subjects of varying competence. The second 
level is that described in this study. The ability of the higher 
efficiency functions determines the work ability. At the lowest level 
it may be that the dissipation of the heat from the increased muscular 
activity becomes a predominant limiting factor of the tonic condition 
acting upon the metabolism. This is hypothesis around the factual 
core of the study. It is necessary hypothesis, for it may delimit 
the range of application of the results. 
The filtering of impulses through the central nervous system nor-
mally will be involved as a limiting factor at all of these levels of 
competence. However the detail is not clear. It may be that a single 
range of increasing capacity for inhibition of afferent impulses exists. 
It is probable that several different functions act to produce differ-
ent filters or different degrees of activation or inhibition and that 
there is interaction between them. Insufficient facts are available 
to enable a worthwhile hypothesis to be advanced. 
In summary, in the human response to increasing physical work that 
ends in exhaustion, characteristic states of homeostatic compensation 
and of disequilibrium are demonstrated, complementing comparative res-
ponses observed in other aspects of environmental biology. Across 
similar functions the onset of disequilibrium is ordered on efficiency. 
The ability for efficient oxygen provision by diffusion together with 
the ability to resist decrements in this function to a large extent 
determine the maximum work abilities in the population defined. The 
other important determinant of this work capacity is the inhibition of 
sensory impulses that probably occurs through the reticular activating 
system of the brain. This lalllar system is also associated with an 
important part of the variance unconnected with the variability in work 
and involves the personality variable of extraversion. Two parts to 
the filtering action are proposed; one acts to select or suppress peri-
pheral stimuli as the work advances, and the other appears to respond 
to the magnitude of the stimulation. In both cases it is possible 
that the respiratory control centres in the reticular formation of the 
medulla are interacting with these filters. For the total population 
of healthy humans, at least three groups of determining factors are hypo-
thesised. At the lowest level of competence for exhausting work the 
heat-regulation may limit performance; at the intermediate level of 
I~ 
competence the ability for the more efficient provision of oxygen is 
a determinant; at the highest level tHe provision of oxygen by the 
less efficient mechanisms of increasing the rate of response may be 
the pr~dictive factor. The filtering of ~ensory impulses through 
the central nervous system is important but its particular definition 
cannot be hypothesised yet nor is there sufficient information to be 
~Q$C.ulClr 
sure of the detail of the cardio-J responses. If these proposals are 
sound. changes over these limiting factors characterise the adaptation 
of the human to physical work. With increased adap~ongreater tol-
-
erance occurs together with greater disturbance of equilibrium at 
exhaustion. 
:.-
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· APPENDIJ{ i.. 
Instruction Sheets to Subjects in Experiments on 
Tolerance for Nociception 
N. ISCHAEMIC WORK EXPERIMENT 
FIRST INSTRUCTIONS FOR SUBJECTS 
This experiment is to measure how long you can go on working on 
a standard power output test. 
possibly do. 
We want to know the best that you can 
The tester is going to carry out the following procedure:-
Your hand will be taped into position. The supply of blood 
will be cut off using a normal blood pressure cuff on your arm and 
your lower arm will be strapped to the board. 
With the finger that is left free, your job will be to squeeze a 
little rubber bag of air, so that the dial in front of you shows 80 on 
each squeeze. You will squeeze in time to a metronome. Keep in time 
to it all the time. Each click is a squeeze. It may help you to say 
'squeeze', 'squeeze', 'squeeze', 'squeeze', each time it clicks., As 
you get tired you may not be able to reach 80 or you may not be able 
to keep in time. Keep squeezing, try to keep in time to the clicks 
and try to get as close as possible to 80. Do not stop until it 
becomes too painful to do any more repetitions. When you stop pressure 
will be immediately released. Go on as long as you can however. 
Because the experiment is important, themster will not talk to 
you. You will get a reminder of these instructions before you start. 
Are you sure that you understand what you have to do? 
When you are sure, give this paper back to the tester. You will 
then be shown how to work in time to the metronome and then you will be 
attached to the apparatus. 
N. ISCHAEMIC WORK ElCPERIMENT 
SECOND INSTRUCTION SHEET FOR SUBJECTS 
With the finger that is left free, your job will be to squeeze 
the little rubber bag ,of air, so that the dial in front of you shows 
80 on each squeeze. You will squeeze in time to a metronome. Keep 
in time to it all the time. Each click is a squeeze. It may help 
you to say 'squeeze', 'squeeze', 'squeeze', 'squeeze', each time it 
clicks. As you get tired you may not be able to reach 80. Keep 
squeezing, try to keep in time to the clicks and try to get as close as 
possible to 80. Do not stop until it becomes too painful to do any 
more repetitions. When you stop pressure will be immediately 
released. Go on as long as you can however. 
When you understand what you have to do, give this paper back to 
the tester. 
The metronome is going. When you are ready, begin. 
N. PRESSURE EXPERIMENT 
FIRST INSTRUCTIONS FOR SUBJECTS 
In this experiment the amount of pressure that you can stand is 
being measured. 
tolerate. 
We want to know the greatest pressure that you can 
This is what will happen:-
A blood pressure cuff with a pressure plate on it will be wrapped 
round your leg so that the plate is on your shin bone. After a short 
while the cuff will gradually put more and more pressure on the plate 
and so on to your leg. Tolerate the increasing pressure for as long 
as you can. When it becomes too painful to go on any longer say 'STOP' 
and the pressure will be released immediately. 
long as possible though. 
Do tolerate it for as 
As the experiment is important the tester will say very little to 
you. You will get a reminder of these instructions when the cuff is 
in place and before pressure starts. 
Are you sure you know what is happening? 
When you are, return this paper to the tester. 
N. PRESSURE EXPERIMENT 
SECOND INSTRUCTIONS FOR SUBJECTS 
A LITl'LE WHILE AFTER YOU HAND BACK TIUS PAPER, PRESSURE WILL 
GRADUALLY INCREASE ON THE PLATE: ON YOUR SHIN. STAND THE PRESSURE 
OF TIlE PLATE FOR AS 'LONG AS YOU CAN. WHEN IT BECOMES TOO GREAT, SAY 
'STOP' AND STRAIGHT AWAY TIlE PRESSURE WILL BE REDUCED. 
DO TOLERATE: IT FOR AS LONG AS POSSmIE THOIDH. 
Now return this paper to the tester. 
i 
_.J.. 
APPENDIX: B 
Details of the 
Multiple Regression Equations 
Table 33 The multiple regression of work ability on the seven most 
predictive physiological variables (n - 20) 
1\ 
y Watts = 
• 1 2 434.4 13.2 VE + 875.6 02F 
(b - -0.433) (b = 0.407) 
+ 74.2 0-;11 + 23.8 O-;1m + 
• m 19.1 VE02 
(b = 0.257) (b = 0.249) (b = Q.160) 
-
0.512 HRm + 5.8 HR2 
(b = -0.100) (b - 0.035) 
(12) 
F for ANOVA on R = 43.809** d.f. (7 ) 
Table 34 The multiple regression of work ability on the five most 
predictive physiological variables (n ~ 20) 
11 • 1 
y Watts '" 3Z7.6 13.1 VE 
(b ~ -0.432) 
1 
+ 86.4 02F + 24.4 02Fm 
(b = 0.299) (b = 0.254) 
R = 0.977 
F for ANOVA on R = 57.72** d.f. 
** p < .01 
+ 
+ 
856.0 0-;12 
(b E 0.398) 
18.4 VE02
m 
(b = 0.155) 
(14) 
(5)· 
J..50 
Table 35 The multiple regression of work ability on the four most 
predictive physiological variables (n = 20) 
/I 
y Watts a 321.1 
+ 95.5 0-;/1 
(b = 0.330) 
R = 0.973 
2 
+ 955.7 02F 
. (b = 0.455) 
• 1 9.9 VE 
(b = -0.325) 
m 
+ 34.6 02F 
(b - 0.361) 
(15) 
F for ANOVA on R = 65.79** d.f. (4 ) 
** p < .01 
I~ 
JSI 
Table 36 The multiple regression of work ability on the three most 
predictive physiological variables (n = 20) 
" y Watts = 197.5 
+ 89.2 °l 1 
(b m 0.309) 
R = 0.932 
R2 = 0.868 
+ 49.9 02rf1 
(b = 0.520) 
+ 1085.6 0-;12 
(b = 0.505) 
F for ANOVA on R = 35.029** d.f. (3 ) (16) 
** p < .01 
1+ I 
Table 37 The multiple regression of work ability on the two most 
predictive physiological variables (n = ~O) 
" 
y Watts E 157.870 
R = 0.89 
= 0.80 
+ 65.3 Of 
(b = 0.681) 
2 
+ 1134.4 02F 
(b = 0.528) 
F for MmVA on R = 33.90** d.f. (2 ) (17) 
The simple intercorrelation of the variables 
W 
0.723** 
0.582* 
W 
* p <: .05 
** p <: .01 
I 
-f-
Table 38 The mult~ple regress~on of work ab~l~ty on the four most 
pred~ct~ve psychophysical variables (n = 18) 
1\ 
Y Watts c - 20.1 + 
+ 122.6 log IT + 
(b = 0.375) 
R c 0.835 
70.8 log4JND -
(b c 0.611) 
21.8 cH 
(b = 0.373) 
4.3 Ll ST 
(b = -0.60) 
F for ANOVA on R = 7.47** d.f. (4 ) (13) 
** p < .01 
+ 
Table 39 The multiple regression of work ability on the three most 
predictive psychophysical variables (n = 18) 
A 
y Watts = 139.6 
+ 106.2 log IT 
(b = 0.324) 
R = 0.770 
+ 89.5 log 6. JND 
(b = 0.771) 
F for analysis of variance on R = 
** p < .01 
- 3.96. ST 
(b c -0.537) 
6.815** d.f. (3 ) (14) 
Table 40 The multiple regression of work ability on the two most 
predictive psychophysical variables (n = 18) 
" y Watts = 379.2 
R = 0.709 
+ 94.1 log 6. JND 
(b = 0.811) 
F for ANOVA on R = 7.596** d.f. 
** p <.01 
- 3.26. ST 
(2 ) 
(15) 
(b = -0.440) 
/ 
IJ-
I ' 
Table 41 The multiple regression of work ability on six psycho-
physical variables (cH is not included) (n = 18) 
" y Watts = 116.4 + 
+ 106.3 log IT + 
(b = 0.325) 
+ 0.033 PI' 
(b = 0.027) 
R = 0.789 
2 R = 0.623 
86.4 log 6.. JND 
(b = 0.745) 
1.7 N. 
(b = 0.164) 
- 3.96. ST 
(b = -0.535) 
+ 0.29 E 
(b = 0.036) 
F for ANOVA on R = 3.026* d.f. (6 ) (11) 
* p < .06 
1 r 
• 1 • m ir,jl O· F2 0 Fm • 1 • 2· m HRl HR2 HRm ~ST log log VE VE 2 2 VE02 VE02 VE02 cH b,.JlID Pr IT E N W 
• 1 1. VE 378 -516* -407 -499* -765** -215 157 435 -689** 133 -177 266 -313" 079 -273 186 -234 -798** 1. 
• m 
-179 444 007 186 337 576* -297 045 234 152 440 172 583* 389 132 028 2. 2. VE 079 
./ 
3. 02F 1 015 597** -364 -052 337 -163 410 -282 108 -279 424 -224 054 -592** 259 659** 3. 
4. 02F 2 128 -640** 500* 174 -445 428 372 489* 232 339 231 402 054 055 610** 4. 
m 5. 02F -229 -091 509* -527* 639** -243 436 -063 336 197 168 -132 214 719** 5. 
• 1 6. VE02 -519* 226 330 -514* -261 -175 277 -135 155 -018 164 -179 -663** 6. 
• 2 7. VE02 -105 -377 179 207 -002 -026 -117 140 035 140 -000 240 7. 
• m 8. ViJ2 -431 150 -100 366 212 415 245 073 -009 163 357 8. 
9. HRl -565* 079 -349 199 -046 -362 -184 124 -039 -595** 9. 
10. HR2 215 090 -178 214 369 576* -095 002 745** 10. 
11. HRm These figures are 103 x original to -244 008 -257 135 211 108 -227 -150 11. 
12. cH allow contraction of space 330 477* 058 041 033 269 481* 12. 
13 • .b. ST 488* 000 359 509* -049 -045" 13. 
14. log 6.. JND -139 269 050 165 596** 14. 
15. PT 519* 067 213 129" " 15. 
16. log IT " -002 -048 339 16. 
17. E -083 -211 17. 
18. N 300 18. 
19. W * p < .05 ** p < .01 19. 
Table 42 The correlation matrix of all"the measures (n ;:; 18) ~ 
"" -.J
+ 
, 
Table 43 The multiple regression of work ability on the twelve most 
predictive of all the measures (n c 18) 
" 
• 1 y Watts ~ 3!14.6 9.7 VE + 
(b = -0.288) 
+ 22.3 log c6..JNb + 318•80,,/ + 
, 
(b = 0.192) (b = 0.147) 
-
2.2 ml + 19.5 HR2 
(b = -0.125) (b = 0.119) 
+ 5.4 cH + 6 • m O. 1 VE + 
(b = 0.093) (b = 0.089) 
• m 
+ 1.4 VE02 
(b = 0.011) 
F for ANOVA on R = 19.408** d.f. 
** p < .01 
83.6 02F 1 
(b = 0.263) 
m 12.5 02F 
(b = 0.126) 
• 1 73.1 VE02 
(b = -0.104) 
0.21 E 
(b = 0.026) 
(12) 
(5)· 
+ 
Table 44 The multiple regression of work ability on the eight most 
predictive of all the measures ( n = 18) 
A 
558.0 0-;/2 y Watts = 389.2 + + 
(b = 0.257) 
1 m 
+ 74.6 02F + 20.7 02Fn 
(b = 0.235) (b = 0.208) 
2.9 HRl • 1 
-
58.0 VE02 "': 
(b = -0.160) (b = -0.082) 
R = 0.989 
F for ANOVA on R = 48.125** d.f. 
** p <. .01 
'Zl.8 log 6. JND 
(b = 0.240) 
• J. 6.9 VE 
(b = -0.206) 
13.0 HR2 
(8) 
(9) 
(b = 0.079) 
Table 45 The multiple regression of work ability on the six most 
predictive of all the variables (n c 18) 
1\ 2 y Watts = 340.0 + 786.5 02F 
(b = 0.362) 
• 1 74.7 0-;[1 
-
9.2 VE + 
(b = -0.274) (b = 0.235) 
+ 14.3 HR2 
(b = 0.087) 
R = 0.983 
F for ANOVA on R = 51.368** 
** p < .01 
+ 
+ 
d.f. 
27.9 02F m 
(b = 0.280) 
20.3 log!l JND 
(b = 0.175) 
(6 ) 
(11) 
\ 
Table 46 The multiple regression of work ability on the five most 
predictive of all the variables (n = 18) 
1\ 
834.0 0-;12 y Watts = 326.1 + 
(b = 0.384) 
• 1 1 
-
10.5 VE + 74.1 02F 
(b = -0.310) (b = 0.233) 
R = 0.981 
F for ANOVA on R = 62.207** 
** p< .01 
+ 31.9 02F m 
(b = 0.321) I 
+ 18.8 log ~ JND 
d.f. 
(b = 0.162) 
(5 ) 
(12) 

